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Chapter 1

Topological preliminaries

1.1 Neighborhood bases

Let X be a topological space and let € X. Recall that an open neighborhood of x is an open
set in X that contains x. A neighborhood of x is a set that contains an open neighborhood of
x. We denote by N, the set of all neighborhoods of x and call it the neighborhood filter of x.
We also denote by U, the set of all open neighborhoods of x.

The following proposition, which we will take for granted, shows that one can define topol-
ogy on a set starting from suitable candidates N, for neighborhood filters.

Proposition 1.1.1. Let X be a set. Suppose that we are given a topology T on X, and denote
by N(T) = (Ny)zex the collection of neighborhood filters associated to T. Then the following
properties are satisfied for all x € X:

(a) X € N,.

(b) If N € Ny then z € N.

(¢c) If N € Ny and N C N' C X then N' € N,.

(d) If N,N" € N then NN N' € N.

(e) If N € N then there exists U € N such that U C N and U € Ny, for every y € U.

Conversely, if we are given a collection N' = (Ny)zex of subsets of P(X) such that the above
five axioms are satisfied, then

TWN)={UCX:U€eN, forallz e U}

defines a topology on X.

These two procedures are mutually inverse: That is, if T is a topology on X then T(N(T)) =
T and if N = (Ny)zex is a collection of subsets of P(X) satisfying the above five axioms then
N =N(TN)).

If X and Y are topological spaces and f: X — Y is a function, then the continuity of f
can be expressed in terms of neighborhood filters as follows: We have that f is continuous at
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4 CHAPTER 1. TOPOLOGICAL PRELIMINARIES

x if and only if f~Y(N) € N, for every N € N, f(x)- An equivalent statement is that for every
N € Ny there exists N’ € N, such that f(N') C N.

A useful way to describe a topology on a set is by means of a basis. The following is a
similar concept for neighborhood filters:

Definition 1.1.2. Let X be a topological space and let x € X. A set B, C N, is called a
neighborhood basis at x if for every N € N, there exists B € B, such that B C N.

Example 1.1.3. (a) For any point z in a topological space X, both N, and U, are neigh-
borhood bases at x.

(b) Let X be a metric space and let z € X. Then the set B, of all open balls
B.(z)={yeX:|lz—y|<r} forr>0,
forms a neighborhood basis at x.

Observation 1.1.4. If z is a point in a topological space X and B, is a neighborhood basis
at x, then the neighborhood filter A, can be recovered from B, as follows:

Nz ={N C X : there exists B € B, such that B C N}.

If we have neighborhood bases B, at every point x € X, then it follows from [Proposition 1.1.1|
that the topology on X can be recovered as

T ={U C X : for every z € U there exists B € B, such that B C U}.

When we define the topology induced by the metric on a metric space, we do it in terms
of open balls: We declare a set N containing x to be a neighborhood of z if it contains an
open ball centered at x. This only works because open balls have certain properties. The
following proposition generalizes this procedure of defining a topology in terms of candidates
for neighborhood bases:

Proposition 1.1.5. Let X be a set. Suppose we are given a topology T on X and for every
x € X a neighborhood basis B, at x. Then the following hold for every x € X:

(a) By is nonempty.
(b) If B € B, then z € B.
(c¢) If B, B’ € B, then there exists B" € B, such that B” C BN B’.

(d) If B € B, then there exists a set U C B containing x with the following property: For
every y € U there exists B' € B, such that B' C U.

Conversely, suppose we have for every x € X a collection By of subsets of X that satisfies the
above axioms. Then there exists a unique topology on X such B, is a neighborhood basis at x
with respect to the topology for every r € X.
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Proof. We begin by assuming a topology on 7 with neighborhood bases B, at every = € X.
We need to show that the above axioms hold, so let z € X.

(a): Since X € N, we have that there exists some B € B, with B C X. Hence B, is
nonempty.

(b): Follows from the fact that B, C N.

(¢): Suppose that B, B’ € B,. Then since B and B’ are neighborhoods of x, B N B’ must
be a neighborhood of x. Thus, by definition of neighborhood basis, there exists B” € B, such
that B” C BN B'.

(d): Let B € B;. Then B contains an open neighborhood U of z. If y € U then U is a
neighborhood of y so there exists B’ € B, such that B’ C U.

Now, suppose we are given collections B, that satisfy the above axioms. Define

N, = {N C X : there exists B € B, such that B C N}.

We will show that the sets (N, ),cx satisfy the properties in [Proposition 1.1.1} Let us call
them (a’) — (€¢’) to distinguish them from the properties in the current proposition. Let z € X.

(a'): Since B, # 0 by (a), there exists some B € B,. But then B C X so X € N,.

(t'): Let N € N. Then there exists B € B, with B C N. Since z € B by (b) we have
that z € N.

(c): Let N € Ny and N C N’ C X. Then there exists B € B, such that B C N. But
then B C N’ as well, so N’ € N,.

(d): Let NN’ € N,. Then we can find B,B’ € B, with B C N and B' C N'. By
assumption we can find B” € B, such that B” € BN B’. But then B” C NN N’, so
NNN' eN,.

(¢/) Let N € N,. Then there exists some B € B, with B C N. By assumption we can find
U C B containing z such that for all y € U there exists B’ € B, with B C U. Then U C N.
Now if y € U then we can find B’ € B, such that B’ C U, i.e. U € N,. In particular this
applies to y = x, so U € N,.

We have now verified the axioms of [Proposition 1.1.1] so we can conclude that the sets
(N:)zex are the neighborhood filters for a topology on X. It follows straight from the defini-
tion of N, that B, is a neighborhood basis at z. From [Observation 1.1.4] we see that this is
the unique topology on X with B, as neighborhood basis at « for each z € X. |

Recall that if 71 and T, are topologies on a set X, we say that 7; is finer or stronger than
To if 71 2 T2. We also say that 75 is coarser or weaker than 77.

Note that given any collection B of subsets of X, there exists a weakest topology 7 on X
such that B C 7: That is, for any other topology 7’ on X with B C 7' we have that 7 C 7.
The topology T can be defined simply as the intersection of all topologies on X that contain
B (here it is vital that the intersection of a collection of topologies is again a topology). The
set B becomes a subbasis for the topology T, i.e. the collection of all finite intersections of sets
from B, together with X itself, forms a basis for 7.

Definition 1.1.6. Let X be a set, let (Y;);er be a collection of topological spaces and let
(fi)ier be a collection of functions f;: X — Y;. The weakest topology on X that makes every
function f; (i € I) continuous is called the initial topology on X with respect to (f;)ier-
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Remark. In the setting of [Definition 1.1.6| consider the collection

B={f*(U):i€IandU is open in Y;}. (1.1)

Then the initial topology on X is the weakest topology that contains B, so B is a subbasis
for this topology. It follows that a basis for the topology is given by finite intersections of
elements from B, and that any open set can be written as a union of sets from this basis.

Example 1.1.7. (a) Let X be a topological space and let S be a subset of X. Then the
initial topology on S with respect to the inclusion map i: S < X is the subspace
topology: It is the weakest topology on S that contains the sets i~1(U) = U N S for
every open set U in X. In this case this collection is already a topology.

(b) Let (Xj)ier be a collection of topological spaces and set X = [],.; X;. Then the weakest
topology on X such that all the projections X — Xj, (z;)jer — «; are continuous is the
product topology on X.

Proposition 1.1.8. Let X be equipped with the initial topology with respect to a collection
(fi)ier of maps fi: X — Y;. Suppose we are given for each i € I and y € Y; a neighborhood
basis By for y. Then a neighborhood basis at x € X is given by

B, = { ﬂ f7NBi) : Iy C I is finite and B; € By, (z) for each i € I }

i€lp

Proof. Let N € N,. Then there exists an open set U C N with x € U. Since the collection
B from is a subbasis for the topology, we can find finitely many elements from B that
all contain x such that their intersection is contained in U. Thus we have a finite set Iy C [
and open sets U; C Y; for each ¢ € Iy such that x € mielo fi_l(UZ-) C U. By definition of
neighborhood basis we can for each ¢ € I find B; € Bfi(w) such that f;(z) € B; C U;. But

then = € (N;cp, f71(B;) C U. This finishes the proof. |

Note that in particular, we can choose B, = N, for every y € Y; in [Proposition 1.1.8|

Example 1.1.9. Let (X;);er be a collection of topological spaces. Set X = [[,.; X; and let
x = (z;)ier € X. Denote by p;: X — X, the projection onto X; (¢ € I). By |Proposition 1.1.8|
we can describe a neighborhood basis at x as follows: As Iy ranges over finite subsets of I and
N; is a neighborhood of x; for each ¢ € Iy, the sets

ﬂ pl._l(Ni) = HBi where B; = N; if i € Iy and B; = X; otherwise
1€lp i€l

form a neighborhood basis at x.

1.2 Nets

Recall that a preorder on a set X is a relation < on X which is reflexive (x < z for all x € X)
and transitive (z <y and y < z implies x < z for all z,y,z € X).

Definition 1.2.1. A directed set is a nonempty set A together with a preorder < on X such
that the following holds: For every z,y € A there exists z € A such that x < z and y < z.
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Example 1.2.2. (a) Every totally ordered set is a directed set. In particular N, Z, Q and
R are directed sets with their usual ordering.

(b) Let X be a topological space and fix a point x € X. Let B, be a neighborhood basis at
x. Then B, is a directed set with respect to reverse inclusion by [Proposition 1.1.5 (a).
This applies in particular to N, the neighborhood filter at z.

(c) Let [a,b] be an interval. Recall that a tagged partition P = ((x;), (t;)7=y) of [a,b]
is a finite sequence of the form a = 29 < 21 < -+ < =z, = b together with points
t; € [, wip1] for each 0 < i < n — 1. The mesh of P is the maximum of the numbers
Tiy1 — x; for 0 < i < n — 1. Let P be the set of all tagged partitions of [a,b]. We
introduce an ordering on A as follows: ()™, (t:)1") < (¥i)"gs (81)7=y) if and only
if for every 0 < i < n there exists an integer r(i) such that z; = y,;) and t; = s; for
some (1) < j < r(i+ 1). One can check that A is a directed set with respect to this
ordering. This comes from the fact that every pair of tagged partitions have a common
refinement.

Definition 1.2.3. Let X be a topological space. A net in X is a collection of elements (x))xea
in X indexed by some directed set A.

Let (zx)aea be a net in X and let S C X. We say that (z))xen is frequently in S if for
every Ag € A there exists A > )¢ such that =) € S. We say that (z))rea is eventually in S if
there exists A\g € A such that for all A > A\g we have x) € S. We say that (z))xea converges
to x if (x))rea is eventually in N for every N € N,. We call z an cluster point for (x))xen if
(zA)aen is frequently in N for every N € N,.

Remark. Note that in the definition of convergence and cluster point we can interchange N/,
with any other neighborhood basis B, at x and get an equivalent definition. In particular it
can be convenient to use the neighborhood basis U, of open neighborhoods of x.

Example 1.2.4. (a) A net in X indexed by the directed set N is the same as a sequence in
X, and the definition of convergence in this case is exactly the same as the definition of
convergence of a sequence.

(b) Let = be a point in a topological space X and let B, be a neighborhood basis at z.
Consider A = B, as a directed set with respect to reverse inclusion. Let (zp)pep be a
net in X with the property that xp € B for every B € A. Then the net (xp)p converges
to z and the proof is almost tautological: For every neighborhood N of x we simply
take some By € B, with By C N. Then whenever B C By (remember that we are using
reverse inclusion as the order relation on A) we have that xtp € B C By C N.

(c¢) Let A be the directed set from [Example 1.2.2|(c). Given a bounded function f: [a,b] — R

we construct a net of real numbers indexed by A as follows: Given P = ((x;)"_, (t:)'=4) €
A set

n—1

Ip = Z f(t)(wip1 — ;).

i=0
If the net (Ip)pea converges, we say that f is Riemann integrable, and denote the limit
of (Ip)p by [ f(z)da.
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Proposition 1.2.5. Let X and Y be topological spaces, let f: X — Y be a function and let
x € X. Then the following are equivalent:

(a) f is continuous at x.
(b) For every net (xx)xea in X converging to x, the net (f(xy))ren converges to f(x).

Proof. (a) = (b): Suppose that f is continuous at x. Let (z))xea be a net in X converging
tox € X. Let N be a neighborhood of f(x). Then f~'(N) is a neighborhood of x, so by
assumption there exists \g with

A> N\ = x\ € fYN).

But if ) € f~Y(N) then f(z)) € N. Hence the net (f(x)))aea converges to f(x).

(b) = (a): We do a contrapositive proof. Suppose f is not continuous at z. Then we can
find some neighborhood N’ of f(z) such that no neighborhood N of x has the property that
f(N) € N'. In other words, for every N € N, there exists xy € N with f(xy) ¢ N’. Consider
A = N, as a directed set with respect to reverse inclusion and consider the net (zy)nep. As

we saw in [Example 1.2.4] (b), (xn)n converges to x. However, (f(xx))nea cannot converge
to f(x) since the neighborhood N’ of f(z) has the property that f(zy) ¢ N’ for all N € A.

This finishes the contrapositive proof. |
Proposition 1.2.6. Let X be a topological space. Then the following are equivalent:
(a) X is Hausdorff.

(b) Limits of nets are unique: That is, whenever (xx)xep s a net and both x and y are limits
of (x)ren, then x =y.

Proof. Left as an exercise. |

If X is Hausdorff and (x))xep is a convergent net, we can thus speak of the limit of ()
and write x = limycp x ).

Proposition 1.2.7. Let X be a topological space, let S be a subset of X and let x € X. Then
the following are equivalent:

(a) x is in C1S, the closure of S.
(b) There exists a net (zx)xen tn S that converges to x.

Proof. (a) = (b): Suppose z € C1S. Let A = N, with respect to reverse inclusion. Then for
every N € N, we have that N NS # ) so we can pick some xy € N N S. By [Example 1.2.4]
the net (zn)nea converges to .

(b) = (a): Suppose that (x))rea is a net in S that converges to z. For a contradiction,
suppose x ¢ C1S. Then there exists a closed subset C' O S such that ¢ C. But then C° is
an open neighborhood of z, so there exists A\g € A for which ) € C° whenever A > X\y. But
then we have both z), € S and z), € C° C 5S¢ which is a contradiction. We conclude that
x e ClS. |
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Proposition 1.2.8. Let X be equipped with the initial topology with respect to a family of
functions fi: X —Y; (i € I). Let (xx)xen be a net in X and let © € X. Then the following
are equivalent:

(a) (x\)aen converges to x.
(b) For every i € I the net (fi(x)))aea converges to fi(x).

Proof. Exercise.

1.3 Subnets and compactness

Recall that a sequence (yp)nen is said to be a subsequence of a sequence (zy, )nen if there exists
a monotone injective function ¢: N — N such that y, = z,(,) for all n € N. Usually one writes
ny = (k) for k € N so that (y,), becomes (xy, )ren. The right generalization to nets turns
out to be somewhat more complicated.

Definition 1.3.1. Let (z))xea be a net in a topological space X. A subnet of (z))xenp is a
net (y,)yer together with a function ¢: I' — A such that the following properties are satisfied:

(a) ¢ is monotone, i.e. v < implies ¢(y) < ¢(v/) for all v, € T.
(b) ¢is cofinal, i.e. for every A € A there exists v € T" such that ¢(y) > A.
(¢) Yy =y forall y €T
We often use the more compact notation (z,())yer for a subnet of (zx)ea-
Example 1.3.2. Let (z,),en be a sequence in a topological space X . Consider R as a directed
set with its usual ordering. Define a map ¢: RT — N by «(z) = |z, the floor function. Then

v satisfies (a) and (b) in [Definition 1.3.1L Set y, = ,(, for every » € RT. Then (y,),cg+
becomes a subnet of (x,)nen, but it is not a subsequence of (xy,)nen.

Proposition 1.3.3. Let X be a topological space and let x € X. If (xx)xen is a net in X that
converges to x, then every subnet of (xx)xea also converges to x.

Proof. Let (yy)~yer be a subnet of (z))xea with associated function ¢: I' — A and let N be
a neighborhood of z. Since (z))xep converges to z, we can find A\g € A such that zy € N
whenever A > X\g. By cofinality of ¢ we can find o € I" such that ¢(y9) > Ag. Now if v > 7o
then ¢(7) > ¢(y0) = Ao by monotonicity. Thus v > v implies that y, = z,(,) € N. Since N
was arbitrary, we conclude that (y-),er converges to x. |

Proposition 1.3.4. Let B be a nonempty set of subsets of X which is a directed set with
respect to reverse inclusion. If (xx)aea s a net that is frequently in every B € B, then there
exists a subnet of (x\)aea that is eventually in every B € B.
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Proof. Consider the set
'={(\,B)eAxB:zyeB}CAXB

equipped with the order where we declare (A, B) < (X, B’) iff both A < X and B D B'.

We claim that T is a directed set: Suppose (A, B), (N, B’) € I'. Let B” € B be such that
B" C BN B'. Since (z))aea is frequently in B” by assumption we can find \” € A with
N> X, N > X such that zy» € B”. Thus (\’,B”) > (A, B) and (\”, B”) > (X, B’) which
shows that I' is a directed set.

Define a map ¢: I' = A by «(\, B) = A. Then ¢ is obviously monotone. It is also cofinal:
If A € A, then pick some B € B. By the assumption on (x))xep there exists A € A such that
N > Xand zy € B. Hence (\,B) € T and «(\,B) = X > A. Thus, we have proved that
(z,1,B))(\,B)er is a subnet of (xx)xep. Furthermore, if By € B then pick any A9 € A such
that Ty, € Bo. Then ()\0,30) eI, and if ()\,B) e I' with ()\, B) > ()\0, Bo) then A > \g and
z,\,B) = T € B C By. This shows that the net (z,(\ gy)\ B)er is eventually in Bo. [ |

Corollary 1.3.5. Let X be a topological space, let (x))xep be a net in X and let x € X. The
following are equivalent:

(a) x is an cluster point for (xx)reA-

(b) (zx)xen has a subnet that converges to x.

Proof. (a) = (b): Use |Proposition 1.3.4/on B = N.

(b) = (a): Let (2,(y))rer be a subnet that converges to x. Let N € N and \g € A. By
cofinality we can find vy € I" such that ¢(v9) > Ao, and by convergence we can find v, € T’
such that z,(,) € N whenever v > 71. Let v € T satisfy v > 70 and v > 71 and set A = ¢(7).
Then A > )\p and x) € N, which shows that x is a cluster point for (z))xea- |

Recall that a topological space X is compact if every open cover of X admits a finite
subcover: That is, whenever X = |J;c; U; for a collection (U;)ier of open sets in X, then
there exists a finite subset Iy C I such that X = (J,c 1, Ui- The equivalent contrapositive
formulation of this definition is called the finite intersection property: Whenever (C;)icr is a
collection of closed subsets of X with the property that (,.; C; # 0 for all finite subsets I
of I, then (;c; C; # 0.

i€ly

Lemma 1.3.6. If (zx)xea IS a net in a topological space X, then its set of cluster points
coincides with

ﬂ Cl{xy : N > A}
AEA

Proof. Note that x is a cluster point of (x)), if and only if the following holds for all A € A:
Every neighborhood N of x intersects the set {zy : A’ > A}. This is equivalent to x being in
the closure of {xy : X > A} for every A € A, which proves the lemma. [

Proposition 1.3.7. Let X be a topological space. The following are equivalent:
(a) X is compact.

(b) Every net in X has a cluster point.
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(c) Every net in X has a convergent subnet.

Proof. (a) = (b): Suppose X is compact and let (xx)xea be a net in X. For each A\ € A set
Ch = Cl{zy : N > A}. Then (Cy)xea is a collection of nonempty closed sets with the finite
intersection property: Indeed, if Ag C A is finite then we can find \' € A such that A’ > X for
every A € Ag, in which case

0#CyC ﬂ Ch.

AEAo

Since X is compact we have that the intersection (¢, C) is nonempty. By [Lemma 1.3.6|this
implies that (x))) has a cluster point.

(b) & (¢): By [Corollary 1.3.5] a given net has a cluster point if and only if it has a
convergent subnet. Thus, the statement that all nets have cluster points is equivalent to the
statement that all nets have convergent subnets.

(b) = (a): We prove the contrapositive statement. Let (U;);cr be an open cover of X and
assume for a contradiction that it does not have a finite subcover. Let A be the set of all finite
subsets of I ordered by inclusion. Then A is a directed set. If J € A then by assumption we
can pick some x; € X \ |J;c;U;. Thus we have a net (x)jea. Let © € X be arbitrary. We
claim that = cannot be a cluster point for (z)ea: Indeed, since (U;);cr covers X there exists
some i € I such that z € U;. Thus Uj; is a neighborhood of x, yet when J D {i} we have that

We have now come to our first theorem, namely Tychonoff’s theorem:

Theorem 1.3.8 (Tychonoff’s Theorem). Let (X;);er be a collection of compact topological
spaces. Then the product space [[;c; X; is compact (when equipped with the product topology).

To prove Tychonoff’s theorem we will need the following lemma:

Lemma 1.3.9. Let X and Y be topological spaces, and let (z))rep be a net in the product
space X XY . Denote by px: X XY = X and py: X XY =Y the coordinate projections. If
both of the nets (px(zx))aea and (py (2x))rea have cluster points, then (zx)xea has a cluster
point.

Proof. Let © € X (resp. y € Y) be a cluster point for (px(zx))aea (resp. (py(2x))rea)-
By [Proposition 1.3.7, there exists a subsequence (2,(y))yer of (2x)x such that (px(z,)))y
converges to x. For the same reason there exists a subsequence (z,{(b(a)))ae A of (z))x such that
(Py (24(1(a)))a converges to y. Since (px(2x(i(a)))a 18 a subsequence of (px(z,(,)))y, it must
also converge to x by [Proposition 1.3.3]

We now claim that (2,(,(a)))a converges to (z,y): Indeed, let N be a neighborhood of
(x,y). By definition of the product topology, we can assume that N = N; x Ny where Ny
is a neighborhood of z and N5 is a neighborhood of y. Thus, we can find ay,as € A such
that px<z,{(L(a))) € N; when o > o7 and py(ZH(L(a))) € Ny when a > ao. Picking op € A
with ag > a1 and ap > az, we have that 2,(,(4)) € N1 X N2 when a > ag. Thus (2,(,(a)))a
converges to (x,y). We have shown that (z)), has a convergent subsequence, and therefore a
cluster point by |Proposition 1.3.7] |

Proof of [Theorem 1.3.8, Let (2x)xea be a net in X = [[,.; X;. We will show that (zx)xea

has a cluster point. It will then follow from [Proposition 1.3.7]that X is compact.
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Given subsets J and K of I with J O K, we denote by pjx the projection from [, ; X;
to [[;cx Xi- We consider the set M of pairs (J,z) where J is a subset of I and z € [[,.; X;
is a cluster point of the net (pr j(zx))rea. Define a relation < on M via

(J,z) < (K,y) if and only if J C K and pg ;(y) = .

We leave it as an exercise to check that this defines a partial order on M. Our strategy is
now to employ Zorn’s lemma. We must therefore show that every chain in M has an upper
bound.

Let C be a chain in M, that is, a totally ordered subset. Set K = U(J,x)ec J. Define an
element y = (yi)icx € [[;cx Xi as follows: For i € K we have that there exists some (J,z) € C
such that i € J. Set y; = x;. We show that this is well-defined: Suppose (J',2’) € C is also
such that i € J'. Since C is a chain we have either (J,z) < (J',2') or (J',2') < (J,z). If the
former is the case then J C J’ and py j(2') = x which implies that z; = 2 since i € J N J'.
A similar argument holds for the case (J',2") < (J,z). Hence (J,y) is well-defined.

We must now show that (K,y) is an element of M, i.e. that y is a cluster point of
(pr.ic(22))ren. Let N € Ny and let A\g € A. By [Proposition 1.1.8 we can assume without
loss of generality that N = J],cx Vi where N; € N, for each i € K and there exists a finite
subset Ky of K such that N; = X; when i ¢ Ky. Now every ¢ € K( belongs to some J; C K
such that (J;,y;) € C for some y; € [[;c; X;. Since C is a chain and K is finite, we can
pick a maximum among these (J;,y;) as i runs through Ky. Call it (K’,y’). Then Ky C K'.
Now 3’ is a cluster point of (pr x’(2x))rea by definition. Thus pg+ k,(y') is a cluster point
of the net (pr.k,(2x))x = (P’ Ko (P17 (21)))r. Consequently we can find A > Ag such that
prio(22) € [liek, Ni- But then prr(zx) € N since N; = X; for all i ¢ Ko. Hence y is a
cluster point of (pr x(2x))ren-

By Zorn’s lemma, we conclude that M has a maximal element, say (I’,z). We want to
show that I’ = I, from which it will follows that z is a cluster point for (zx)xea = (pr.1(21))reA-
Assume for a contradiction that there exists j € I\ I’. Then by compactness of X; the net
(prgj3(2x))x has a cluster point. Since (p7,;/(2x))x also has a cluster point, it follows from
Wthat the net (p; rugj1(22))a has a cluster point. This contradicts the maximality

of (I',x). Thus I = I’ and the proof is finished. [ |




Chapter 2

Topological vector spaces

2.1 Convex sets and semi-norms

Throughout this chapter, F will denote either the field R of real numbers or the field C of
complex numbers. All vector spaces will be over I unless stated otherwise.

Definition 2.1.1. Let X be a vector space and let z,y € X. The line segment between x and
y is the set
[,y ={(1—-t)r+ty:0<t <1} C X.

A subset C of X is called convez if for every pair z,y € C, the line segment between z and y
is contained in C.

By induction one verifies that a convex set C' contains every element of the form

n
E i
i=1

where x1,...,x, € C and Ay, --- A\, are nonnegative numbers such that Z?:l Ai = 1. Such a
sum ), \jz; is called a conver combination of z1,...,zy.

It can be readily verified that the intersection of a collection of convex sets is convex.
Given a subset S of X, we define the convexr hull of S to be the intersection of all convex sets
containing S, i.e. the smallest convex set in X that contains S. We denote the convex hull of
S by coS.

Proposition 2.1.2. Let X be a vector space and let S be a subset of X. Then the convex hull
of S consists precisely of all conver combinations of elements from S.

Proof. Denote by C the convex hull of S and by C’ the set of all convex combinations of
elements from S. Then S C C’ (for any 2 € S pick n =1, 1 = 2 and \; = 1). We will show
that C’ is convex: Let z,y € C" and ¢ € [0,1]. Then x = 377" Niz; and y = 377 p;y; for
some x;,y; € S and A, u; > 0 with >, A\; = Zj p; = 1. Since

m

Z(l—t))\i+it,uj:t-1+(1—t)-1:1

=1 Jj=1

13
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we have that (1 —t)z+ty =3 (1 —t)A\iz; +_; tp;y; is a convex combination of the elements
zi,y; €S, hence (1 —t)z +ty € C".

Since C" is convex and contains S this shows that C' C C’. On the other hand, every convex
set that contains S must contain all convex combinations of elements from S, so C' C C. R

Definition 2.1.3. Let X be a vector space. A subset S of X is called
(a) balanced if for all x € S and A € F with |[A| <1 we have that Az € S,
(b) absorbing if for all x € X there exists € > 0 such that Az € S for all A € F with [A\| <.

Note that absorbing sets contain the zero vector. The same holds for nonempty balanced
sets. Furthermore, any intersection of balanced sets is balanced. However, only finite inter-
sections of absorbing sets are absorbing in general. On the other hand, any union of absorbing
sets is absorbing.

For subsets S and T of a vector space X and A € F we define

S+T={z+y:xeSyecT},
AS ={\z:x e S}
In particular =S ={—-z:2x € S} and S —T = S+ (-T). We also set x + S = {z} + S for
x € X and call it the translate of S by .

Remark. Tt is not true in general that e.g. S 4+ S = 25. The former consists of all possible
sums x + y for x,y € S while the latter is just all multiples 2x where x € S. However, if K is
a convex set and A,y > 0 then (A + p)K = A\K + pK.

Proposition 2.1.4. Let S and T be subsets of a vector space X and let A € F. Then the
following hold:

(a) If S and T are convez then S +T and \S are conver.
(b) If S is absorbing and X\ # 0 then AS is absorbing.
(c) If S is balanced then AS is balanced.
Proof. Exercise. |

A standard example of a set that is convex, balanced and absorbing is the open or closed
unit ball in a normed space. More generally, we shall see that semi-norms give natural examples
of such sets.

Definition 2.1.5. Let X be a vector space. A semi-norm on X is a function o: X — R that
satisfies the following properties:

(a) For every x,y € X we have o(x 4+ y) < o(z) + o(y).
(b) For every x € X and A € F we have that o(Az) = |Ao(z).

Example 2.1.6. (a) A norm o on a vector space X is a semi-norm with the extra property
that o(z) = 0 implies z = 0 for all z € X.
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(b) Let X be a vector space and let ¢: X — F be a linear functional. Then |¢|: X — [0, 00)
given by |¢|(z) = |¢(z)| defines a semi-norm on X.

Remark. Note that 0(0) = 0(0z) = |0lo(z) =0and 0 = o(z —z) < o(x)+|—1|o(x) = 20(z),
so semi-norms are nonnegative. If o satisfies (a) above but instead of (b) only the weaker
property o(Ax) = Ao(z) for all A > 0, then o is called a sublinear functional. In contrast to
semi-norms, sublinear functionals may take negative values. Also, if p is a sublinear functional
then o(x) = max{p(x),p(—x)} is a semi-norm.

Just like norms, a semi-norm ¢ on a vector space satisfies the reverse triangle inequality:
lo(x) —o(y)| <o(x—y) forall z,y € X. (2.1)

Given a semi-norm o on X, xg € X and r > 0 we define the open and closed o-ball of
radius r and center xg respectively as

Bl (xg) ={zx € X : oz — x9) < r},

r

Bl (z0) ={x € X :0(x —x0) <7}

We also set BZ = BZ(0) and B_j? = B2(0). In particular we set B = BY and B° = BY. Note
that BZ (xg) = x¢ + rB? and BY (z9) = xo + rB°.

Proposition 2.1.7. Let o be a semi-norm on a vector space X. Then the sets B® and B°
are convex, balanced and absorbing.

Proof. We show that B is convex: Indeed, if z,y € B? and t € [0, 1] then
o((1—-tr+ty) <(1—-t)o(x)+to(y) <(1—1t)-14+t-1=1.

Moreover, B? is balanced: If x € B? and |A| < 1 then o(Az) = |Ao(z) < 1-1 = 1. Finally,
BC is absorbing: If z € X and o(x) # 0 then provided that |\ < o(z)~! we have o(\z) < 1,
so Az € B?. The proofs for B° are analogous. |

Definition 2.1.8. Let X be a vector space and let S be an absorbing subset X. The gauge
associated to S is the function mg: X — [0, 00) via

mg(x) =inf{A >0: \"'z € S}.

Remark. Note that for absorbing sets S we have that for every € X there exists some r > 0
such that A™1z € S when |A| > r. Thus mg(x) < r so the gauge of mg does in fact take values
in [0, 00).

Another term for gauge used in the literature is Minkowski functional, although it is not
a functional in the usual sense.
The following proposition describes some fundamental properties of gauges:

Proposition 2.1.9. Let X be a vector space and let S be an absorbing subset of X. Then the
following hold:

(a) For every x € X and X\ € [0,00) we have that

mg(Ax) = Amg(x).
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(b) If S is balanced then for every x € X and A € F we have that

mg(Az) = |A|mg(z).
(c) If S is convex then for every x,y € X we have that

ms(z +y) < ms(x) +ms(y).

(d) If S is convex then
B™s C S C B™S.

Proof. (a): Let x € X and A > 0 and note that
{r>0:7""2xeSt={M:r>0rteeSt=XMr>0:7"'zec S}

Taking infima we obtain mg(Ax) = Amg(x).
(b): Let x € X and A € F. Since S is balanced we have that pz € S if and only if |u|lz € S
for all ;1 € F. Hence

{r>0:r"zeSt={r>0: 7 YAz ecS}=N{r>0:7"1z e S}
Taking infima, the desired conclusion follows.
(c): Let z,5 € X. Suppose r,s > 0 with r 'z, 571y € X. Since S is convex we have that

1 r

r+s(x+y):m

S

-1
77"—%5(5 y) €S.

(rta) +

This shows that mg(z +y) < r + s. Since r and s were arbitrary we can take the infimum
over all  and then over all s to obtain mg(z + y) < mg(z) + mg(y).

(d): If x € S then since 17!z € S we have that mg(z) < 1. Suppose that mg(z) < 1. Then
we can find some A € F with 0 < A < 1 such that \™'z € S. But then z = A(A\712)+(1-))0 €
S. |

Corollary 2.1.10. Let X be a vector space and let C be a convex, absorbing subset of X.
Then the gauge mc is a sublinear functional on X. If C' s balanced as well, then m¢ is a
semi-norm on X.

[Proposition 2.1.9| (d) shows that we cannot recover a general convex absorbing set com-
pletely from its gauge; that is, if C' and D are convex absorbing sets with mc = mp then
we cannot necessarily conclude that C' = D. Starting with a semi-norm however, we can
completely recover it from its open or closed ball as the following proposition shows:

Proposition 2.1.11. Let o be a semi-norm on a vector space X. Let C be any convex,
balanced and absorbing set such that

B CCCB°.
Then mg = o, that is, o equals the gauge associated to C.

Proof. Exercise. |
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2.2 Neighborhood bases at zero

Definition 2.2.1. Let X be a vector space over F. A topology T on X is said to be linear if
vector addition and scalar multiplication are continuous maps with respect to 7. That is, the
maps

XxX =X, (z,y)—x+y,
FxX—X, (\z)— Az,

are continuous when X is equipped with the topology 7 and X x X and F x X is equipped
with the corresponding product topologies coming from 7 and the natural topology on F. A
vector space equipped with a linear topology is called a topological vector space.

Example 2.2.2. Let X be a normed vector space. Then X is a topological vector space when
equipped with the topology induced by its norm. In particular, the finite-dimensional vector
space F" is a topological vector space with respect to the usual topology on F”, since this is
the topology induced by any norm on F”.

Let X be a topological vector space. For each z € X define a map h;: X — X by

Then by continuity of vector addition it follows that h, is a continuous map. In fact, since h,
is invertible with h;! = h_,, each h, is a homeomorphism. Since z + S = {z +y:y € S} is
the image of S under the homeomorphism h,, it follows that x 4+ U is open when U is open.
Similar statements hold for closed sets, compact sets, and so on.

In particular, if By is a neighborhood basis for the zero vector and x € X, then B, = By+x
is a neighborhood basis for . Thus a linear topology is uniquely determined by a neighborhood
basis of the zero vector.

Proposition 2.2.3. Let X be a topological vector space and let Ny be the neighborhood filter
at 0. Then the following hold:

(a) For every N € Ny there exists N' € Ny such that N' + N’ C N.
(b) Every N € Ny is absorbing.
(¢) For every N € Ny there exists a balanced N’ € Ny such that N' C N.

Proof. (a): Let N € Nj. Since vector multiplication is continuous at (0,0) and 04 0 = 0, the
inverse image of N under addition, i.e. M = {(z,y) € X x X : z+y € N} is a neighborhood of
(0,0). By definition of product topology we can find Ny, No € Nj such that Ny x No C M, i.e.
Ni + Ny C N. Choosing N’ € Ny such that N’ C N; and N’ C Ny we obtain N’ + N' C N.

(b): Let N € Ny and x € X. Since scalar multiplication is continuous at (0,z) € F x X
and 0z = 0, it follows that M = {(\,y) € F x X : A\y € N} is a neighborhood of (0,x). By
definition of product topology we can find » > 0 and N’ € N, such that B,(0) x N’ C M.
But then Az € N whenever |A\| < r.

(c): Let N € Ny. By continuity of scalar multiplication at (0,0) € F x X there exists r > 0
and N’ € Nj such that B,(0)N' C N. Now B,(0)N’ is a neighborhood of 0 (show this!) and
if A € F and |A| <1 then AB,(0) C B,(0) so AB,(0)N' C B,(0)N’. This shows that B,.(0)N’
is balanced. |
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Corollary 2.2.4. Let X be a topological vector space. Then X has a neighborhood basis at
zero consisting of balanced, absorbing sets.

Proof. Let By be the collection of balanced neighborhoods of 0. By [Proposition 2.2.3| (b) every
set in By is also absorbing. If N € A then by [Proposition 2.2.3| (¢) there exists B € By such
that B C N. Thus By is a neighborhood basis at 0. |

The following proposition gives conditions ensuring that a collection By of subsets of a
vector space X is a neighborhood basis at zero for a (necessarily unique) linear topology on
X.

Proposition 2.2.5. Let X be a vector space and let By be a nonempty collection of subsets of
X with the following properties:

(a) Every B € By is balanced and absorbing.
(b) For every B, B' € By there exists B" € By such that B” C BN B’.
(c) For every B € By there exists B' € By such that B' + B’ C B.

Then By is a neighborhood basis at zero for a unique linear topology on X.

Proof. For every x € X, set B, = By + . We will first use [Proposition 1.1.5] to show that
the collections B, for x € X give rise to a topology on X. Let us denote the properties from
[Proposition 1.1.5/by (a') — (d').

(a'): Since By is assumed to be nonempty, it follows that each B, is nonempty.

(t/): Every set in By is absorbing, hence contains 0. It follows that every set in B, = By+x
contains x.

(d): If B,B" € By then by (b) we can find B” € By such that B” C BN B’. Hence
(B+2x)N(B'+2)=BNB +xzforall z € X.

(d'): Let B € By and set

U = {y € B : there exists B’ € By such that y + B’ C B}.

Then 0 € U since 0 € B and 0 + B = B. Suppose y € U, so that there exists some B’ € B
such that y+ B’ C B. By (c¢) we can find B” € By such that B”+B” C B’. Hence y+B” € B,
has the property that y + B” C U, since if 2 € y + B” then 2+ B" Cy+ B"+ B" Cy+ B'.
This proves (d’) for x = 0, and for general x we can do the same argument with z + B and
x + U instead of B and U.

[Proposition 1.1.5{ now implies that the sets B, are neighborhood bases for a (necessarily
unique) topology on X. We must show that this topology is linear. First we show continuity
of vector addition at (zg,yp) € X x X. Let B € By. By (c) from [Proposition 2.2.5| we can find
B’ € Bysuch that B+B' C B. lf x € 290+ B’ and y € yg+ B’ then x+vy € xg+yo+B' + B’ C
xo + yo + B, so vector addition is continuous at (xg, yo)-

Next we show continuity of scalar multiplication. Let (Ag,z9) € F x X and B € Bp.
Pick B’ € By such that B’ + B’ C B. Since B’ is absorbing we can find € > 0 such that
Arg € B’ when |A| < e. Now pick n € N with |A\o| + € < m. Thus, if |]A — \g| < € then
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IA/n] < (|Ao|+€)/n < 1. Assume that |A—Xo| < € and = € 2o+ (1/n)B’. Since B’ is balanced
we have that

A
Ax = A\oxo + ()\ — Ao)xo + AMx — :L'o) € \oxo + B’ + EB/ C Nzo+ B '+ B' C Moz + B.

This shows that scalar multiplication is continuous. |

Definition 2.2.6. A linear topology on a vector space X is called locally convex if the zero
vector has a neighborhood basis consisting of convex sets. A vector space equipped with a
locally convex linear topology is called a locally convex topological vector space.

Remark. Note that every point in a locally convex topological vector space has a neighborhood
basis consisting of convex sets, since if By is a neighborhood basis of 0 consisting of convex
sets then B, = x 4+ By is a neighborhood basis at = consisting of convex sets.

Proposition 2.2.7. Let X be a locally convex topological vector space. Then X has a neigh-
borhood basis at zero consisting of sets that are convex, balanced and absorbing. One can
furthermore choose the neighborhoods to be open.

Proof. Left as an exercise. |

Proposition 2.2.8. Let X be a vector space and let By be a monempty collection of subsets of
X with the following properties:

(a) Every B € By is convex, balanced and absorbing.
(b) For every B, B’ € By there exists B" € By such that B" C BN B’.
(c) For every B € By there exists X € (0,1/2] such that AB € By.

Then By is a neighborhood basis at zero for a unique linear topology on X, and this topology
18 locally conve.

Proof. To show that By is a neighborhood basis at zero for a unique linear topology on X, it
suffices to show that (¢) from [Proposition 2.2.5|is satisfied. Let B € By. By (c¢) above we can
find A € (0,1/2] such that AB € By. Since B is convex we have that AB + AB = 2AB. Since
B is balanced and 2X\ < 1 we get 2AB C B.

It immediately follows that the topology determined by By is locally convex as the sets in
By are convex by assumption. |

2.3 Topologies via semi-norms

In this section we look at semi-norms on topological vector spaces. The first result characterizes
the continuity of a semi-norm in terms of its open and closed balls:

Proposition 2.3.1. Let X be a topological vector space and let o be a semi-norm on X. Then
the following are equivalent:

(a) o is continuous.
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(b) o is continuous at 0.
(¢) The set B® ={x € X : o(x) < 1} is open in X.
(d) The set B® = {x € X : o(x) < 1} is a closed neighborhood of 0.
Proof. Exercise. |

The following proposition concerns the continuity of gauges associated to sets in a topo-
logical vector space.

Proposition 2.3.2. Let X be a topological vector space and let C' be a conver and absorbing
subset of X. Then the following hold:

(a) The gauge me of C is continuous if and only if C is a neighborhood of 0.

(b) We have that
IntC C B™ C C C B™ C CIC.

Moreover, if C is a neighborhood of 0 then Int C = B™¢ and C1C = B™<.

Proof. (a): Suppose first that C' is a neighborhood of 0. Let ¢ > 0. Then eC is a neighborhood
of 0, and if z € €C then m(z) = inf{\ > 0: 2 € A\C} < e. Thus mc(eC) C Bc(0) which shows
that m¢ is continuous at 0, hence everywhere by [Proposition 2.3.1] Conversely, suppose m¢
is continuous. Then B™¢ = m;'([0,1)) is open and B™¢ C C by [Proposition 2.1.9| so C' is a
neighborhood of 0.

(b): Because of what we already know from [Proposition 2.1.9| (d) it suffices to prove
that Int C C B™¢ and B™¢ C CIC. If x € IntC then there exists an open set U C C
with x € U. Thus we can find some n € N such that (1 + 1/n)xr € U C C. But then
mc((1+1/n)z) <1 by |Proposition 2.1.9|(d) so me(z) < 1/(1+1/n) =n/(n+1) < 1. Next,
suppose © € B™C. If mg(z) < 1 then z € B™¢ C C C CIC so suppose m¢(z) = 1. Let U
be an open neighborhood of x. By continuity of scalar multiplication we can find § > 0 such
that Bs(1)z C U. Since me(xz) =1 we can find A > 1 such that x € A\C' and |A — 1| < §. But
then |\~ — 1| = |1 — A|/|A\| < §/|\| < 6. Thus A=! € Bs(1) and since A"'x € C we have that
Bs(1)x N C # (. Hence UNC # (. Since U was an arbitrary neighborhood of z we conclude
that z € C1C.

Finally, if C' is a neighborhood of 0 then by (a) the gauge m¢ is continuous. By
it follows that B™C is open and B™¢ is closed. By the inclusions Int C C B™¢ C
C C B™c C CIC it the follows that Int C = B™¢ and C1C = B™c. |

Corollary 2.3.3. In a topological vector space X, there is a one-to-one correspondence between
(1) open, convezx, balanced neighborhoods of 0, (2) closed, convex, balanced neighborhood of 0
and (8) continuous semi-norms on X.

Proof. If C is an open (resp. closed), convex, absorbing, balanced subset of X then m¢ is a
semi-norm and B™¢ = IntC = C (resp. B™¢ = CIC = C) by [Proposition 2.3.2| (b). If o is
a continuous semi-norm on X then B (resp. B?) is an open (resp. closed), convex, balanced
and absorbing set, and mps = mpg, = o by |Proposition 2.1.11} [

The following proposition will be our main way of obtaining locally convex topological
vector spaces:
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Proposition 2.3.4. Let X be a vector space and let (0;)icr be a collection of semi-norms on
X. For each finite subset Iy of I and each r > 0 define

Niyr = m Bli ={z € X :04(x) <r for each i € Iy}. (2.2)
i€lp
Then the collection By = {Ny,, : Io C I finite, r > 0} defines an open neighborhood basis at
zero for a locally convex linear topology on X. It is the initial topology determined by the
family (67) (i yyerxx where

o/(x)=o0i(x—y) forzeX,iclandyeyY

()

and the weakest linear topology on X for which o; is continuous for every i € I.

Proof. We must check that the axioms of [Proposition 2.2.8| are satisfied. For (a), we know
that each BY* = rB? is convex, balanced and absorbing from [Proposition 2.1.7 Since Ny,
is a finite intersection of such sets, it is also convex, balanced and absorbing. For (b), we note
that N, VN1, s 2 Niyur, min{r,s} for finite subsets Iy, I of I and r,s > 0. For (c) we observe
that AN, = Ny, for A > 0. Thus we obtain a locally convex linear topology 7 on X such
that By is a neighborhood basis at zero for 7.

We demonstrate that each set in By is open: If z € B then let o;(x) < r < 1. Now
x + Bj" . is a neighborhood of = and if y € B]" . then o;(z +y) < r+ (1 —r) = 1. This shows
that « + BY", C B%, so B is open. Since Ny, , is a finite intersection of scalar multiples of
B%’s, it is open as well.

Note that each o; is continuous in T by [Proposition 2.3.1]since B¢ is open. Moreover each
map o} is continuous, being the composition of the translation map z — = — y with o;.

Suppose T is any topology on X such that ¢ is continuous in 7" for all (¢,y) € I x X.
Let N be the neighborhood filter of 7" at y. By continuity of the o}’s, N contains all sets
of the form

Y+ Np,={z€X oix—y)<rforalicl}=()(?)"(0,r))
i€lp
for Iy C I finite and r > 0. Thus B, = y+ By C ./\/Z, so since By is a neighborhood basis for 7
at y it follows that 7" C 7’. Thus 7 is the initial topology on X determined by (07)(; ,yerxx-
Finally, suppose 7" is any linear topology on X such that o; is continuous in 7~ for every
i € I. Then every set in By is a neighborhood of zero in 7”7, so we have 7 C T’ since linear
topologies are determined by a neighborhood basis at zero. It follows that 7 is the weakest
linear topology on X in which every o; is continuous. |

Definition 2.3.5. Given a vector space X and a family (0;);c; of semi-norms on X, we call
the topology constructed in [Proposition 2.3.4| the weak topology determined by (0;)icr.

Remark. Let X be a vector space equipped with the weak topology determined by a family
of semi-norms (0;);cr. Suppose (z))xea is a net in X and let € X. By [Proposition 1.2.8 we
have that (z))xen — 2 if and only if (67 (z)))rer — 07 (z) forally € X andi € I. Fory =z
this gives (oi(zx —x))x — 0i(0) = 0 for all ¢ € I. On the other hand, if the convergence holds
for y = x then the reverse triangly inequality gives

|0} (z2) — 0} (z)| = |oi(xx —y) — oi(z — y)| < oi(zr —y — (z —y)) = oi(zr —x) = 0.

We conclude that (x))y — « if and only if (o;(zy —x))y — 0 for all i € I.
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Example 2.3.6. Let Q be a topological space and let X = C(Q2) be the F-vector space of
continuous, F-valued functions on ).

(a) Given t € Q we can define a semi-norm o on X by o¢(f) = |f(¢)|. Then we can consider
the weak topology induced by the family (0¢)icq. A net (fa)aea in X converges to f if
and only if (|fA(t) — f(¢)|)aea converges to 0 for every t € 2, i.e. (fa(t))rear — f(¢t) for
all ¢t € Q2. Thus we call this topology the topology of pointwise convergence.

(b) Given a compact set K C Q we can define a semi-norm o by ox(f) = sup;cg | f(t)]-
A net (fy)rea converges to f in this topology if and only if sup,cg | fr(t) — f(t)| goes
to zero for every compact set K in ). For this reason the topology determined by the
family (o) is called the topology of uniform convergence on compact subsets.

Proposition 2.3.7. Let X be a vector space with the weak topology induced by a family of
semi-norms (0;)icr. Then the following are equivalent:

(a) X is Hausdorff.

(b) The family (o;)icr is separating, i.e. whenever x € X and o;(x) = 0 for all i € I then
z = 0.

Proof. Note that o;(x) = 0 for all 4 € I if and only if o;(x) < r for all » > 0 and ¢ € [ if
and only if x € Ny, , for all finite subsets Ip of I and r > 0. Since the latter family is a
neighborhood basis at zero we have that o;(x) = 0 for all ¢ € I if and only if x is in every
neighborhood of zero. By an exercise we have that X is Hausdorff if and only if x € N for all
N € Np implies = 0. Hence X is Hausdorfl if and only if (0;);cs is separating. |

The following proposition tells us that every locally convex linear topology on a vector
space comes from a family of semi-norms. Thus, defining a topology on a vector space via a
neighborhood basis of convex sets or via semi-norms are equivalent.

Proposition 2.3.8. Every locally convex linear topology T on a vector space X is induced
by a family of semi-norms. In fact, if By is a neighborhood basis at zero for T consisting of
open, convex, balanced and absorbing sets as in|[Proposition 2.2.7, then T is the weak topology
induced by the family (my)ves, of semi-norms.

Proof. The topology on X induced by (my)ves, has neighborhood basis at zero B, consisting
of the sets Ny, , = {z € X : my(z) <r for all B € Iy} where r ranges over positive numbers
and [y ranges over finite subsets of By. We must show that By and B, determine the same
topology. By [Proposition 2.3.2| we have that

Npr= () B = () rB™=r U

UEI() UEI() UE[O

for finite In C By and r > 0. By setting Ip = {U} and r = 1 we have that Ny, , = U, which
shows that By C Bj. Conversely, since every set of the form r (7. 1, U 1s a neighborhood of
0 in the topology on X determined by By, there exists a neighborhood U’ € By such that
U Cr(yeg, U. Hence By is a refinement of B, so the two topologies are equal. [ |
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2.4 The Hahn—Banach separation theorems

If T: X — Y is a linear map between normed spaces, continuity of 7" is equivalent to 7" being
bounded, that is, there exists K > 0 such that ||T'(z)|| < K||z|| for all x € X. The following
proposition is a generalization of this characterization of continuity to the setting of a linear
map between locally convex topological vector spaces.

Proposition 2.4.1. Let X and Y be locally convex topological vector spaces. Suppose the
topology of X (resp. Y') is induced by a family of semi-norms (0;)icr on X (resp. (pj)jes on
Y ). Then the following are equivalent:

(a) T is continuous.
(b) T is continuous at 0.

c) For every continuous semi-norm p on Y there exists a continuous semi-norm o on X
p
such that
p(T(z)) < o(z) foralzeX.

(d) For every j € J there exists a finite subset Iy of I and K > 0 such that

p;i(T(x)) < Kma}xo'i(x) forallz e X.
1€lo

Proof. (a) < (b): Exactly the same proof as for normed spaces.

(a) = (c): If T is continuous and p is a continuous semi-norm on Y then o(x) = p(T'(x))
is a continuous semi-norm on X.

(¢) = (d): Let j € J. Then by (c¢) there exists a continuous semi-norm ¢ on X such that
pi(T(z)) < o(x) for all x € X. Since o is continuous it follows from |[Proposition 2.3.1| that
B? is an open neighborhood of 0. Thus, by [Proposition 2.3.4] there exists a finite subset Iy of
I and r > 0 such that Ny, C B?. Let z € X and set m = max;cy, o;(x). Then for all i € I
we have

oi((r/2ym™z) = (r/2)oi(x)/m < r/2 < r

soo(((r/2)m™tz) < 1,0r, o(z) < K max;ey, 0i(x) where K = r/2. Combined with p;(T(z)) <
o(x) we have arrived at (d).

(d) = (b). Assume that (d) holds. Let (xx)aea be a net in X that converges to 0.
Then (o;(z)))ren converges to 0 for every ¢ € I. Let j € J. By the assumption, the net
(pj(T(zx)))x converges to 0. Since j was arbitrary, we conclude by [Proposition 2.3.4] that
(T'(xx))rea converges to 0. Exercise. [ |

Corollary 2.4.2. Let ¢: X — F be a linear functional on a topological vector space. Then ¢ is
continuous if and only if there exists a continuous semi-norm o on X such that |¢(z)| < o(x)
foralze X.

Proof. If ¢ is continuous then o = |¢| does the trick. Conversely, suppose there exists a semi-
norm o on X such that |¢(z)| < o(x) for all x € X. Every semi-norm on F is a nonnegative
multiple of the absolute value on IF (prove this!). For every r > 0 we have that r|¢(z)| < ro(x)
so (c¢) of [Proposition 2.4.1|is verified. Thus ¢ is continuous. [ |
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Recall the following fundamental result from MAT4410:

Theorem 2.4.3 (Hahn—Banach Theorem). Let X be a real vector space and let p be a sublinear
functional on X. Let Xg be a linear subspace of X and let ¢g be a linear functional on Xg.
Suppose that

odo(z) < p(x) for all z € X.

Then there exists a linear functional ¢ on X such that ¢|x, = ¢o and
o(x) <p(x) forallxe X.

Let X be a vector space over R. By a hyperplane in X we mean a set of the form H = ¢~!(c)
for some linear functional on X and some ¢ € R. A hyperplane defines two half-spaces

L={reX:¢(x)<c} U={z€e X :¢(x)>c}

Given two disjoint subsets A and B of X, we are interested in whether we can separate the two
by a hyperplane: That is, to which extent we can find a hyperplane H such that A sits inside
L and B sits inside U as above. We will consider the following two degress of separation:

(a) Strict separation: We can find a linear functional ¢ on X such that ¢(z) < ¢ < ¢(y) for
allz € Aand y € B.

(b) Strong separation: We can find a linear functional ¢ on X and r > 0 such that ¢(z) <
c—r<c+r<¢(y) forall z € A and y € B. Equivalently sup,c 4 ¢(z) < infyep ¢(y).

For complex vector spaces we can ask the same questions if we consider only the real part
of a linear functional.

The following important theorem gives conditions on A and B in a topological vector space
that guarantee both strict separation and strong separation:

Theorem 2.4.4 (Hahn—Banach Separation Theorem). Let X be a topological vector space and
let A and B be nonempty, convex subsets of X with AN B = (.

(a) Suppose A is open. Then there exists a continuous linear functional ¢ on X and ¢ € R
such that
Reg(x) <c<Red(y) forallz e A andy € B.

If B is open as well, then both of the inequalities above are strict.

(b) Suppose X is locally conver and suppose that A is closed and B is compact. Then there
exists a continuous linear functional ¢ on X and c,r € R such that

Reg(x) <c—r<c+r<Re¢(y) foralxec Aandyec B.

To prove we need a couple of following lemmas as preparation.

Lemma 2.4.5. Every nontrivial linear functional ¢ on a topological vector space X is an open
map.
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Proof. Let U C X be open and nonempty. Since ¢ is nontrivial we can find xg € X with
¢(xo) = 1. Let pu € ¢(U) and pick some = € U with ¢(z) = p. Then U — x is absorbing
by |[Proposition 2.2.3| (b) so we can find ¢ > 0 such that Axzg € U — z when |A| < e. Thus
x+ g €U so p+ X = ¢(x+ Axg) € ¢(U) when || < e. This shows that Be(u) C ¢(U), so
¢»(U) is open. [ |

Lemma 2.4.6. Let X be a topological vector space. Let U be an open, convex subset of X that
does not contain 0. Then there exists a continuous linear functional ¢ on X such that Re ¢ is
positive on U.

Proof. Assume first that F = R. Let g € —U. Then U + xg is a convex, open neighborhood
of 0 so by [Proposition 2.3.2| (b) we can write we can write U +x¢y = BP where p is the gauge of
U + z¢. Since 0 ¢ U we have that z¢ # 0 and xg ¢ xo + U, so p(xg) > 1. Set Xy = span{zg}
and define ¢p: Xo — R by ¢o(Azp) = A\. Then ¢y is a linear functional on Xy. If A > 0 then
do(Axg) = A < Ap(xo) = p(Axp). If A < 0 then ¢p(Axg) = A < 0 < p(Azp). In any case p is a
sublinear functional that dominates ¢g on Xy, so by there exists an extension
¢ of ¢g to X with ¢(x) < p(x) for all x € X. Now o(x) = max{p(z),p(—x)} is a semi-norm
and |¢(x)| < o(z) for all z € X, so by |Corollary 2.4.2| ¢ is continuous.

Now if ¢(x) = 0 then 1 = ¢(z) + ¢(x0) = ¢(x + o) < p(z + x¢). Thus z + z¢ ¢ U + o,
so x ¢ U. This shows that if x € U then either ¢(z) > 0 or ¢(z) < 0. Since U is connected it
follows that ¢ is either positive or negative on the whole of U. Thus, possibly interchanging
¢ with —¢, we have a linear functional as desired.

Let now F = C. We can still view X as a real vector space, and the the notion of convexity
does not change. Thus, by what we already proved we can find a continuous R-linear functional
11 X — R such that v is positive on U. Define ¢: X — C by

o(x) = Y(z) — i(ix) for z € C.

Then ¢ is obviously continuous and R-linear, but it is also C-linear, as

$(ix) = Y (ix) — ip(iPx) = P(iz) + ip(x) = i(Y(x) — iy (ix)) = i¢(x).
Since Re ¢ = 1 we have Re¢ > 0 on U. |

Proof of[Theorem 2.4 (a): Set U = B — A. Then U is open (U = {J,cp(b — A)) and
convex ([Proposition 2.1.4). Moreover, 0 ¢ U since AN B = (. By there
exists a continuous linear functional ¢ on X such that Re¢ is positive on B — A. Hence
Re¢(x) < Red(y) for all z € A and y € B. Thus Re ¢(A) and Re ¢(B) are connected, disjoint
subsets of R. If A is open then ¢ is open by so Re ¢ must be open (Re: C — R
is a coordinate projection, hence an open map). It follows that Re ¢(A) is an open interval,
thus bounded away from its right endpoint ¢. This gives Re¢(z) < ¢ < Re¢(y) for all x € A
and y € B. If B is open as well then we get strict inequalities for the same reason.

(b): By the assumptions, B is a compact subset of the open set A¢, so we can find a
convex open neighborhood V' of zero such that B+V C A€ (exercise!). Now B+V and A are
nonempty, convex sets that are disjoint and B + V' is open. By (a) we can find a continuous
linear functional ¢ on X and ¢ € R such that Reg(x) < ¢ < Re¢(y) for all z € A and
y € B+ V. Again, since V is open neighborhood of 0 and Re¢ is an open map, we can
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fit an interval of the form (—r,r) for some r > 0 inside Re ¢(V). Consequently there exists
zo € Re (V) with Re ¢p(zg) < 0. It follows that for every x € A and y € B we have

Re d(x) < ¢ < Re(y + o) = Re d(y) + Re d(x).

Thus we have that sup,c4 Re ¢(x) < inf,cpRed(y) + Re p(z0) < infycp Re d(y). |

2.5 The weak and weak™ topologies

Given a topological vector space X, we denote by X* the (continuous) dual space, that is, the
vector space of continuous linear functionals on X.

Given ¢ € X*, we have already noted that the map |¢|: X — [0,00) given by |¢|(z) =
|¢(z)| for x € X is a semi-norm on X.

Definition 2.5.1. Let X be a topological vector space. The topology on X determined by
the family (|¢|)pex+ of semi-norms on X is called the weak topology on X.

Note that by [Proposition 2.3.4| we have that a net (x))xea in X converges to x in the weak
topology if and only if (¢(x)))rea converges to ¢(z) for every ¢ € X*. Therefore the weak
topology on X is weaker than the original topology on X.

Observation 2.5.2. Suppose X is a nontrivial Hausdorff locally convex topological vector
space. Let z € X be nonzero. Then {0} and {z} are nonempy, convex, compact subsets of X
that are disjoint, so by we can find ¢ € X* such that 0 = Re ¢(0) < Re ¢(x).
In particular ¢(z) # 0. This shows not only that the dual space X* is nontrivial, but also
that the family (|¢|)gex+ of semi-norms is separating. Consequently the weak topology on X
is Hausdorff by [Proposition 2.3.7

The following example shows that the weak topology might be strictly weaker than the
original topology on a topological vector space.

Example 2.5.3. Let H be a Hilbert space. Then by the Riesz’ representation theorem, every
linear functional on H is of the form x — (z,y) for some y € H. Hence, a sequence (z,)neN
in H converges weakly to x if and only if ((x,,y)), converges to (x,y) for every y € H. Let
us look at a particular example. Suppose H is infinite-dimensional and let (e,)n,en be an
orthonormal sequence in H. Then for m,n € N with m # n we have

llem — enH2 = Hem”2 —2Re(em, en) + ||en||2 = 2.

This shows that (e,)nen does not converge in norm. However, if y € H then by Bessel’s
inequality we have that > [(y,en)|? < ||ly||* so the sequence (|{y, e,)|?), must go to zero for
every y € H. Thus (ey),, converges weakly to 0.

In fact, one can show that the weak topology on X never agrees with the original topology
on X when X is an infinite-dimensional locally convex topological vector space.

Proposition 2.5.4. Let C' be a convex subset of a locally convex topological vector space X.
Then C s closed if and only if it is weakly closed.
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Proof. Since the weak topology on X is weaker than the original topology on X, weakly closed
sets are closed (in the original topology). Suppose that C is closed. Let (zx)xea be a net in C
that converges weakly to x € X. Assume for a contradiction that z ¢ C. Since C€ is an open
neighborhood of x and X is locally convex we can find an open convex neighborhood U C C¢
of z. By [Theorem 2.4.4] (a) we can find ¢ € X* such that Re ¢(z') < ¢ < Red(y) for allz’ € U
and y € C. In particular Re ¢(z) < inf{¢(y) : y € C'}. But then Re ¢(z) < inf{Rep(z)) : X €
A} which contradicts that (¢(xy))x — ¢(z). Hence C' is weakly closed. [

When X is a normed space we can always equip X* with the operator norm, turning it
into a normed space as well. When X is only a topological vector space, the operator norm is
lacking. However, we can always equip X* with the following topology:

Definition 2.5.5. Let X be a topological vector space. For each z € X let o, denote the
semi-norm on the dual space X* given by

0:(¢) = |p(z)| for ¢ € X™.

The topology on X* determined by the family (0,).ecx is called the weak™ topology on X*.

By [Proposition 2.3.4f a net (¢))rea in X* converges weak*ly to ¢ if and only if for every
x € X the net (¢x(x))rea converges to ¢(z). Thus, the weak™® topology on X* is the topology
of pointwise convergence of continuous linear functionals.

Example 2.5.6. Let (2, A, 1) be a o-finite measure space and consider the Banach space
X = LY(Q, A, p). Then X* is isomorphic to L>=(2, A, i), where a function g € L is mapped
to the linear functional on X given by f — [, fgdu. A net (ga)rea of functions in L™
converges to ¢ in the weak™ topology if and only if fQ fondp — fQ fgdp for all f € L.

Theorem 2.5.7 (The Banach—Alaoglu Theorem). Let X be a normed and space and denote
by B* the closed unit ball of X*, i.e.

B*={¢pe X" ¢ <1}.
Then B* is compact in the weak* topology.

Proof. Let K be the product space K = [[,cx Bz (0) where Bj,(0) is the closed ball of
radius [|z[| centered at 0 in F. Each of the sets B, (0) is a closed and bounded subset of I,
hence compact by the Heine-Borel Theorem. It follows that the product space K is compact
by Tychonoff’s Theorem . An element of K is a function ¢: X — F such that
|p(x)] < ||z|| for every z € X. Thus, we can identify B* with the subset of K consisting of
linear functions. The subspace topology on B* coming from the product topology on K is
exactly the weak* topology. Hence, to show that B* is compact, it suffices to show that B*
is closed in K. Let (¢,)er be a net in B* that converges to ¢ € K. Letting z,y € X and
A, i € F, we have that

oAz + py) = lim y(Az + py) = A lim Py () + 1 lim D4(y) = Ap(2) + pod(y).

This shows that B* is closed in K which finishes the proof. |
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Let X be a normed space. Denote by X* its dual space, which is again a normed space
with respect to the operator norm ||¢|| = supj,=1 [¢(z)| for € X*. Considering X* as a
nomed vector space in this way, we can form its continuous dual X** = (X*)* which is again
a normed space. This space is called the bidual of X.

Proposition 2.5.8. Let X be a normed space. Then for every x € X the evaluation functional
evy: X* — F given by evy(¢) = ¢(x) is an element of X**. Furthermore, the map ®: X —
O(x)=ev, forzeX

s a linear isometry.

Proof. Let x € X, ¢, € X* and A, u € F. Then
evy (Mg + ) = (g + py) () = Ad(z) + pp(z) = Aeve () + pevy (1)

shows that ev, is a linear functional on X*. Furthermore

[eva(@)] = lo(z)] < [|oll[|]

which shows that ev, is bounded, with [[ev, | < ||z||. By a well-known corollary of the
Hahn-Banach theorem there exists ¢g € X™* with ¢o(z) = ||z|| so we actually have that

leva | = sup [¢(x)] > [¢o(z)| =1

so || evy || = ||z]|. Now let z,y € X, \,u € F and ¢ € X*. Using the linearity of ¢ we have
that

DAz + py)(9) = ¢(Ax + py) = Ap(x) + pd(y) = A®(2)(¢) + n®(y)(¢)-
Finally ||®(z)|| = || evy || = ||=|| which shows that ® is an isometry. [ |

Note that ® is injective since it is an isometry, but not surjective in general.

Definition 2.5.9. A normed space X is called reflexive if the isometry ®: X — X** in
[Proposition 2.5.8|is surjective.

Example 2.5.10. (a) For any normed space X we know that the dual space X* is a Banach
space even if X is not. Thus, the bidual X** of any normed space is a Banach space, so
for X to be reflexive, X must be a Banach space.

(b) Hilbert spaces are reflexive: Recall that for a Hilbert space H, every ¢ € H* is of the form
¢y for some unique y € H where ¢,(z) = (x,y) for x € H. Moreover, (¢y, ¢.) = (2,y)
defines an inner product on H*. If o € H** we can for the same reason find ¢ € H*
such that a(¢) = (¢,v) for ¢ € H*, and we must have ¢ = ¢, for some z € H. But
then

D(2)(dy) = dy(2) = (2,9) = (Py, ¢2) = a(¢y)

for all y € H. Hence ®(z) = o which shows that ® is surjective.

(c) Let (2,.A, 1) be a o-finite measure space, let 1 < p < co and set X = LP(X, A, i1). Then
X is reflexive since X* = L9 where 1/p + 1/¢ = 1, and repeating the procedure gives
X =2 [P, As in the previous example one can check that this isomorphism is given
by ®. However, if p = 1 then the bidual of L! can be in general much bigger than L'.
Hence L' is not reflexive in general.
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2.6 The Krein—Milman theorem

Let x and y be points in a vector space X. The open line segment between x and y is the set
(,y) ={1—-t)z+ty:0<t <1}
We say that z € X lies strictly between x and y if z € (z,y).

Definition 2.6.1. Let C be a nonempty convex subset of a vector space X. We say that a
nonempty convex subset F' of C' is a face of C' if whenever z,y € C and some point in F lies
strictly between x and y, then x,y € F. That is, whenever xz,y € C and (1 —t)z +ty € F for
some t € (0,1), then z,y € F.

Notice that if F’, F and C are convex sets such that F”’ is a face of F' and F is a face of
C then F’ is also a face of C.

Definition 2.6.2. Let X be a vector space and let C' be a convex subset of X. We say that
y € C is an extreme point for C' if y does not lie strictly between any two distinct points in
C. That is, whenever y = (1 — t)x1 4 tzo for some ¢t € (0,1) and x1,z2 € C then x; = z3. We
denote by ex(C') the set of extreme points of C.

Note that an extreme point for C' is precisely the same as a singleton face: That is, {z} is
a face for C if and only if x is an extreme point for C.

Example 2.6.3. Let X be a nonzero normed space and suppose x is an extreme point for the
closed unit ball B of X. Then ||z|| = 1, which we can see using a proof by contradiction: If
x = 0 then =z lies strictly between —y and y for any y € X with |ly|]| = 1. If 0 < ||z|| < 1 then
x lies strictly between 0 and z/||z||. Thus the only option is that ||z|| = 1.

The converse does not hold in general (take e.g. R? with the co-norm) , although it holds
e.g. when X is a Hilbert space. To see this, suppose ||z|| = 1 and assume that x = (1—t)z1+tze
for 0 <t <1, and ||z1]| <1, ||z2]| < 1. Then

L=l < (1 =)zl + tllaa]-

If |z1]| < 1then we get 1 < (1—t)-1+¢||x2|| < (1—t)+t-1 =1, a contradiction, so ||z1] = 1.
Similarly we also need ||z2|| = 1. Now

L= |z|> = (1= t)2|lz1||® + t*||zo||* + 2(1 — t)t Re(zy, 22) = (1 —t)2 + > +2(1 — t)t Re(zy, o).
Solving for Re(z1, x2) we obtain

1—(1—75)2—752_1
t(1—1t) -

Re<x1,$2> =

Thus 1 = Re(z1,z9) < |(z1,22)| < [|z1]|||z2|| = 1. Thus we have equality in the Cauchy—
Schwarz inequality for ;1 and z9 which means that they are parallel, say 1 = cxs. But then
1= [Jz1] = [elllz2] = |¢], and by the above, 1 = Re(x1, x2) = Re(c[|z2||*) = Rec, so we must

have ¢ = 1. Thus 1 = x2. This shows that x is an extreme point for B.

The present section is dedicated to proving and exploring the consequences of the following
theorem:
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Theorem 2.6.4 (The Krein—Milman Theorem). Let X be a Hausdorff locally convex topolog-
ical vector space. Let K be a compact convex subset of X. Then

Cl(co(ex(K))) = K.
Before we present the proof we need some preparation.

Lemma 2.6.5. Let K be a nonempty compact convex subset of a topological vector space X.
Let ¢ € X* and set m = inf{Re¢(z) : © € K}. Then F = {z € K : Re¢(z) = m} is a
compact face of K.

Proof. Let f = Re¢: K — R. Then the continuity of f implies that f(K) is a compact subset
of R, so m is a well-defined real number and f attains m at least once. Thus F' is nonempty.
Moreover F is convex (being the inverse image under a linear map of a point) and closed
(F = f~1({m})), hence compact.

Finally we show that F' is a face of K: Suppose z,y € K and (1 — t)z + ty € F for some
0<t<1l Thenm= f(1—-t)z+ty) =(1—1t)f(x)+tf(y). Since f(x) > m and f(y) > m
this implies f(x) = f(y) =m, so z,y € F. |

An important part of the proof of the Krein—-Milman Theorem involves showing that a
nonempty compact convex set has at least one extreme point. We present this argument in
the following separate lemma:

Lemma 2.6.6. Let K be a nonempty compact convexr subset of a Hausdorff locally convex
topological vector space. Then ex(K) # ().

Proof. Let F be the set of compact faces of K. Then F # () since K € F. We equip F with
the partial order of reverse inclusion, and our goal is to employ Zorn’s lemma. Assume that C
is a nonempty chain in F. Whenever Cy is a finite subset of C then (e, F' is nonempty. By
compactness of K we have that Fj := ﬂFeC F # (). Thus Fj is a face of K and Fj is compact,
being an intersection of compact sets. This means that Fy € F and since Fy C F for all F € C
Zorn’s lemma gives us the existence of a maximal element F of F.

We claim that F must be a singleton. Suppose otherwise, i.e. that we can find xg,yg €
E with z9 # yo. Since X is Hausdorff {z¢} and {yo} are closed (and compact), so by
Theorem 2.4.4] (b) we can find ¢ € X* such that Re¢(xg) < Reod(yo). By
we can find m € R such that F = {& € E : Re¢(x) = m} is a compact face of E. Thus F
is a compact face of K so F' € F. Since F' C E, maximality of FE gives ' = F. But then
x0, Y0 € F so Red(xp) = m = Re¢(yo), a contradiction. Hence E is singleton, and its element
must be an extreme point of K. |

We are now ready to prove the Krein—-Milman Theorem:

Proof of [Theorem 2.6.4). If K = () there is nothing to prove, so assume that K # (). Note that
since ex(K) C K we have that co(ex(K)) C K (since K is convex) and thus Cl(co(ex(K))) C

K (since K is closed). It remains to show the reverse inclusion.
Suppose for a contradiction that there exists g € K with o ¢ Cl(co(ex(K))). By
(b) we can find ¢ € X* and ¢ € R such that

Red(zp) <t < Re¢(y) for all y € Cl(co(ex(K))).
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Set m = inf{Re¢(z) : z € K} and F = {z € K : Re¢(z) = m}. By [Lemma 2.6.5]
F is a compact face of K. Since Red(zp) > m, the above inequality implies that F' N
Cl(co(ex(K))) = (). Since F is a nonempty compact convex subset of K, it has an extreme
point 1 by Since F is a face of K it follows that x; is an extreme point for
K as well. But then z; € F N Cl(co(ex(K)) which is a contradiction. We conclude that
K = Cl(co(ex(K))) which finishes the proof.

|






Chapter 3

Banach algebras

3.1 Basic definitions and examples

For the moment, F denotes R or C, although we will eventually work exlusively over the
complex numbers.

Definition 3.1.1. An F-algebra is an F-vector space A which is also a ring, in such a way that
the vector space structure and the ring structure satisfy the following compatibility condition
for all a,b € A and )\ € F:

A(ab) = (Aa)b = a(\b).

If ab = ba for all a,b € A then A is called commutative.

Remark. We do not require rings to be unital. We call an algebra A unital if its underlying
ring is unital, i.e. there exists a (necessarily unique) element 14 € A such that aly = 14a =a
for all a € A.

Example 3.1.2. Let V be an F-vector space and consider End V', the set of all linear maps
from V to V. Then EndV is an F-algebra where the multiplication is composition of maps.
In particular, if V' = F" then End V' 2 Mat,, (F), the algebra of n x n matrices over F.

Definition 3.1.3. A normed algebra is an algebra A which is normed as a vector space in
such a way that the norm is submultiplicative, i.e.

llabl| < [lall||b]] for all a,b € A.

If A is unital and nonzero, we require additionally that ||[14]| = 1. We call A a Banach algebra
if A is complete with respect to its norm.

Example 3.1.4. Let X be a normed space and consider B(X), the vector space of all bounded
linear operators on X. This is a unital normed algebra where multiplication is given by
composition of operators and the norm is the operator norm. If X is a Banach space then
B(X) is a Banach algebra. As a special case, consider X = F. Then B(X) = F which is the
most basic example of a Banach algebra.

33
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Example 3.1.5. Let X be a normed space. The space K(X) of compact operators on X is a
closed subspace of B(X). We know that the composition of two compact operators is compact,
so K(X) is a normed algebra. If X is a Banach space then (X)) is a Banach algebra since
it is a closed subspace of the Banach algebra B(X). However, (X)) is not unital unless X is
finite-dimensional, in which case K(X) = B(X).

Remark. A consequence of submultiplicativity is that

la™|| = lla---all < la]l-- - lla]l = {lal[™.

Example 3.1.6. Let (X, A, u) be a measure space. Then A = L*>(X, A, ) is a Banach
algebra with respect to pointwise multiplication (this works both if we consider real-valued or
complex-valued functions). We leave this as an exercise.

Example 3.1.7. Let G be a countable group and set A = £}(Q) (either as a real or complex
vector space). We define the convolution of a,b € A to be the function a xb: G — F by

(axb)(g) = Z a(h)b(h~1g) for g € G.
heG

We show that this is well-defined: Consider the function F': G x G — F given by (g,h) —
a(h)b(h=tg). We claim that this function is in ¢}(G x G). Indeed, by Tonelli’s theorem we

can compute Z(g,h)erG |F(g,h)| as

Y IE(g )= la(h)b(h™!

g,heG heG geG
= 3> la(wl[b(g)
heqG geG
=QNWXZWM
heG heG

= [lall1[[bll < oco.

Since this is finite, we have by Fubini’s theorem that the function g — > , . F(g,h) is
everywhere defined, i.e. (a * b)(g) is defined everywhere. Moreover, we can interchange the
sums in the following computation

laxblly <> lambh ) =D > la(h)b(h™ g)| = llall1][b]]1.

geG heH heG geH

This shows that the ¢'-norm is submultiplicative with respect to convolution. It is a straight-
forward exercise to check the rest of the algebra axioms. Thus, £}(G) is a Banach algebra with
respect to convolution, and we will always view ¢!(G) as a Banach algebra in this way.

Remark. Let G be a topological group, that is, a group equipped with a topology in which
the group multiplication and inversion are continuous maps. Let p be a Radon measure on G
which is left translation-invariant, i.e. u(gS) = u(S) for all g € G and Borel sets S. Then one
can define convolution on L!(G) via the formula

(axb)(g) = /Ga(h)b(h_lg) du(h) for a,b € LY(Q).
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One can then show that L!(G) becomes a Banach algebra. Haar’s theorem states that such
a measure u always exists if the group is locally compact Hausdorff, and that the measure is
unique up to a positive constant. However, that goes beyond the scope of this course.

Definition 3.1.8. Let A and B be algebras. A map ¢: A — B is called an (algebra) ho-
momorphism if it is linear with respect to the underlying vector space structure of A and B
and
P(aad’) = p(a)p(a’) for all a,a’ € A.
If A and B are unital with multiplicative identities 14 and 1p respectively, then we call ¢
unital if in addition ¢(14) = 1p. If A and B are normed algebras, we call ¢ norm-decreasing
if
llo(a)] < |la|| for all a € A.

Note that norm-decreasing homomorphisms of normed algebras are continuous.

Example 3.1.9. Let A be a nonzero unital algebra. Then the map F — A given by A — Aly4
is an injective unital algebra homomorphism. Thus F is embedded into A.

A subalgebra of an algebra A is a subspace B of A which is closed under multiplication:
That is, if a,b € B then ab € B. If A is unital with multiplicative identity 14, we call B a
unital subalgebra if 14 € B. Note that this is stronger than just requiring B to be unital as
an algebra in itself.

Definition 3.1.10. Let A be an algebra. A subspace I of A is called a left ideal if ab € I
whenever a € A and b € I. It is called a right ideal if ab € I whenever a € I and b € A. It is
called a (two-sided) ideal if it is both left and right (often we will omit the word two-sided).

Recall that if X is a normed space and Y is a closed subspace, then the quotient space
X/Y is a normed space with respect to the quotient norm

|z + Y| = inf [lz +y|.
yeyY

If X is a Banach space then X/Y is a Banach space as well.

Proposition 3.1.11. Let A be a normed algebra and let I be a closed ideal in A. Then the
quotient space A/l becomes a normed algebra with respect to the quotient norm. Furthermore,
if A is a Banach algebra then A/I is a Banach algebra.

Proof. From the basics of ring theory we know that A/I is an algebra since I is an ideal in A.
It remains to check that the quotient norm is submultiplicative. Let a,b € A and let ¢, € I.
Then ac’ + bc + cc’ € I since I is an ideal, so

@+ D)6+ DI = llab + I]]

< inf |lab+ ac+bc + cc||
c,c'el

= inf [[(a+c)(b+ )|
c,c’el

< inf |la+c||||b+ ||
el

)

= lla+I|lo + I]|.
This shows submultiplicativity. |
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Example 3.1.12. Let X be a Banach space. The Calkin algebra of X is the Banach algebra
A = B(X)/K(X). Note that when X is finite-dimensional, then A = {0}.

3.2 Algebras of continuous functions

Throughout this section €2 denotes a locally compact Hausdorff topological space. This section
concerns the F-vector space C(€,F) of F-valued, continuous functions on 2, where F is either
R or C. However, we shall eventually be interested in the complex-valued case, and will use
C(€2) to mean C(2,C) unless stated otherwise.

By Cp(2,F) we mean the subspace of C(£2,F) consisting of bounded functions. Both
C(92,F) and Cy(£2,F) are algebras with respect to pointwise multiplication of functions. Fur-
thermore, Cy(2,F) is complete with respect to the norm

[flloe = sup{[f(£)] : t € Q} for f € Cy(),
and is thus a Banach algebra.

Definition 3.2.1. Let € be a locally compact Hausdorff space. A continuous function f: Q —
F is said to vanish at infinity if for every € > 0 there exists a compact set K C 2 such that
|f(t)] < eforallt € Q\ K. We denote by Cy(2, F) the subset of C (€2, F) consisting of functions
that vanish at infinity.

Remark. Note that Cy(Q,F) C Cy(2,F): Letting € = 1, we can find a compact set K C
such that |f(¢)] < 1 for t € Q\ K. Now f is continuous and K is compact, hence f is bounded
on K, say by c¢. But then |f(¢)| < ¢ for all t € Q, where ¢/ = max{1, c}.

Furthermore, when {2 is compact every continuous function vanishes at infinity trivially,
so Cp(2,F) = C(Q,F).

Example 3.2.2. Let @ = R. A function f € C(R,F) vanishes at infinity if and only if
lim; o0 |f(t)| = lim; o |f(t)’ =0.

Proposition 3.2.3. Let  be a locally compact Hausdorff space. Then Cy(2,F) is a closed
subalgebra of Cy(2,F), hence a Banach algebra (with respect to pointwise multiplication).

Proof. We need to show that Cy(€Q2,F) is a subspace of Cy(2,F). Let f,g € Co(Q2,F) and
Ap € F. Let € > 0. Assume first that A # 0 and g # 0. Then there exist compact sets
Ky, Ko C Q such that |f(z)] < €¢/(2|\]) for z € Q\ Ky and |g(z)| < €/(2|u|) for x € Q\ Ko.
Thus, for z € Q\ (K3 U K3) we have that
€ €
(O + )@ < INF@) + )] < N - 55 + bl 57 =
If A = 0 then it suffices to look at x € Q\ K and if u = 0 it suffices to look at z € Q \ K.
The proof that Cy(2,F) is closed under multiplication is similar, so we leave it as an exercise.
We now show that Cy(Q2,F) is closed in Cy(2,F). Let (fn)nen be a sequence in Cy (€2, F)
that converges in the co-norm to a function f € Cy(£2,F). Let € > 0. Then there exists n € N
such that ||f — fulleo < €/2. Since f,, vanishes at infinity, we can find a compact set K C
such that |f,(t)] < €/2 for t € Q\ K. Hence, for all t € Q\ K we have that

FOIS £ = Fa® + @] S = fulloo + 1fa®] < 5+ 5 =€

+ [pl -
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Hence f vanishes at infinity, so Cy(€, F) is closed in Cy(£2,F). This finishes the proof. |

Remark. The Banach algebra Cy(€2,F) is unital if and only if € is compact. This will be left
as an exercise.

We will now spend some time recalling the description of the dual space of Cy(2,F) in
terms of Radon measures. This material is covered in MAT4410, so we omit proofs.

Let B denote the Borel o-algebra of Q. Recall that a Radon measure on € is a measure u
defined on B such that

(a) uw(U) =sup{u(K): K CU compact} for all open sets U (inner regularity),
(b) p(B) =inf{u(U) : B C U open } for all Borel sets B (outer regularity),
(¢) p(K) < oo for all compact sets K.

We will only be concerned with finite Radon measures in this section, hence the last condition
above is redundant.

Let 1 be a real (also called signed) measure on the Borel o-algebra B of 2. Such a measure
has a Jordan decomposition of the form p = p4 —pu— where py and p_ are finite (nonnegative)
measures on B. The decomposition satisfies a certain uniqueness property. We say that p is
a Radon measure if both py and p_ are Radon measures. Finally, if 4 is a finite complex
measure g on the Borel o-algebra of €2 then we can write 4 = Rep + ¢Im p for finite real
measures Re p and Im g. We then call u a Radon measure if both Re u and Im y are Radon
measures. By an F-valued measure we mean a real measure if F = R and a complex measure
if F=C.

The total variation measure of an F-valued Radon measure p on 2 is a (nonnegative)
Radon measure on §2 defined by

(0.9}
|| (S) = sup { Z [u(E5)| = (Ej)52, is a countable partition of S into Borel sets}
j=1

for a Borel set S C €. The total variation of p is the number

[l = 1] (€2).

Example 3.2.4. Let p be a finite F-valued Radon measure on §2 and let g € Cy(€2,F). Then
the measure gu on the Borel g-algebra B of ) given by

(W)(S):/Sgdu for S € B

is a finite F-valued Radon measure on 2, and the total variation of gu is given by |gu| = |g||u|.

Denote by M(€Q,F) the F-vector space of F-valued finite Radon measures on . Then
M(Q,F) is a Banach space with respect to the total variation norm. Moreover, the map
O: M(Q,F) — Co(Q,F)* given by

B()f) = [ fdu for p e MRF), | € ColSL )
Q

is a surjective isometry (this is the Riesz—Markov-Kakutani theorem).
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Definition 3.2.5. Let p be a finite F-valued Radon measure on 2. The support of u is the
set supp(u) consisting of those t €  such that |u|(U) > 0 for every open neighborhood U of
t.

Example 3.2.6. (a) Note that if y is a finite F-valued Radon measure on €2, then supp(p) =
Qif and only if |p|(U) > 0 for all nonempty open sets U C Q. In particular, the Lebesgue
measure on [0, 1] has support equal to all of [0, 1].

(b) Recall that given ¢ € Q, the Dirac measure §; is given by

1 iftes,
5t(5)={

0 otherwise.

In particular, §;(U) = 1 > 0 for all open neighborhoods U of ¢, so t € supp(d;). On the
other hand, if s € Q) and s # ¢, then since (2 is assumed to be Hausdorff we can find an
open set U with s € U and t ¢ U. Thus 6;(U) = 0 so s ¢ supp(d¢). We conclude that

supp(d;) = {t}.

Proposition 3.2.7. Let i be a finite F-valued Radon measure on a locally compact Hausdorff
space 2, and let t € Q. Then supp(u) = {t} if and only if p = cé; for some c € F\ {0}.

Proof. As we saw in [Example 3.2.6| (b), the Dirac measure §; has support equal to {¢}. Con-

sequently the support of ¢d; for ¢ € F\ {0} is also equal to {¢}.

Conversely, suppose that supp(u) = {t}. Let K be a compact set not containing ¢t. Then for
every s € K, s ¢ supp(u), so there exists an open neighborhood V; of s such that |p|(Vs) = 0.
But then the sets V; for s € K cover K, so we can find finitely s1,...,s, € K such that
Vays oo, Vs, cover K. It follows that

|l (K) < |ul(Ve) = 0.
=1

By inner regularity of pu, it follows that |u|(2\ {t}) = 0 since Q \ {¢} is an open set. Hence
|u|(B) = 0 for all Borel sets B that do not contain ¢. This implies |u(B)| = 0 for these B
(since we can partition B into just the single set U itself in the definition of the total variation
measure), so u(B) = 0.

Assume now that B is a Borel set and ¢t € B. By what we already proved, 0 = u(B\ {t}) =
w(B) — p({t}), so w(B) = p({t}). Setting ¢ = u({t}), we have that pu(B) = cd;(B) for all
Borel sets B. We now have that p = ¢d;. Since |¢| = |p|(£2) > 0, it follows that ¢ # 0. This
finishes the proof. |

Theorem 3.2.8 (The Stone-Weierstrass Theorem, real case). Let 2 be a compact Hausdorff
space. Let A be a closed unital subalgebra of C(,R) that separates points: That is, whenever
s,t € Q and s # t, there exists f € A such that f(s) # f(t). Then A= C(Q,R).

Before we proceed with the proof of we need the following lemma:

Lemma 3.2.9. Let u be a real Radon measure on 2 and let g € C(2,R) have the property
that gu = cp for some ¢ € R. Then g(t) = ¢ for all t € supp(u).
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Proof. Assume first that g and ¢ are nonnegative. Suppose for a contradiction that ¢ € supp(u)
and g(t) # ¢, say g(t) > c¢. By continuity of g we can find an open neighborhood of ¢ and
n € N such that g(t') > ¢+ 1/n for all ¢ € U. But then

ell(U) = |gul (V) = /U gdju| > /U (4 1/nydlul = (c+ 1/m)|ul(U).

Since t € supp(u), we have that |u[(U) > 0, so the above equation gives ¢ > ¢+ 1/n, a
contradiction. Hence g(t) = ¢ for all ¢ € supp(u). The proof in the case g(t) < c is analogous.

If g is real-valued then gu = cp implies that |g||u| = |gp| = |cu| = |c||p|. We can therefore
apply the above proof to the nonnegative function |g| and |¢| > 0. [ |

Proof of [Theorem 3.2.8, We identify C'(2, R)* with M (€, R) using the Riesz—Markov—Kakutani

Theorem. Consider the annihilator
At ={pe M(Q,R): / fdu=0forall fec A}.
Q

Suppose for a contradiction that A is a proper subset of C(€,R).

Let K = At N B*, where B* is the closed unit ball of M(Q,R). In other words, K is
the closed unit ball of the Banach space A+. Thus, K is convex, and weak* compact by the
Banach—Alaoglu Theorem . By the Krein—Milman Theorem (strictly speaking
by , K has an extreme point p. It follows from an exercise A is nonzero since
A is proper, so by we must have ||ul| = 1.

Since A is an algebra we have that fg € A whenever f,g € A. Thus, for g € A, we have
0= / fgd,u,:/fd(gu) for all f € A.
Q Q

In other words gu € AL whenever g € A.

We claim that the support of p consists of exactly one point. For a contradiction, suppose
we can find s, s’ € supp(u) with s # s’. Since A separates points, we can find h € A such that
h(s) # h(s’). Since A is unital, it contains the function constantly equal to 1. Scaling 1 by
any scalar and using that A is closed under scalar multiplication, we have that all constant
functions on 2 are in A. Using that A is closed under addition, we can add a large enough
positive constant function to h to get a positive function which is still in A (remember that h
is bounded). After dividing by another constant, we get a function g € A with g(s) # g(s')
and 0 < g(t) <1 for all £ € Q2. Note also that 1 — g € A.

Set

c=|gull :Igu\(9)=/gd\gu!=/Qd(\g\!u!)=/ggd\u\-

Likewise, set d = [|[(1—g)u| = [o(1 —g)d|p|. Since g and 1 — g are both positive on €2, ¢ and
d are positive numbers. Moreover,

c—l—d—/gd\,u\—i—/(l—g)d,u—l.
Q Q

As we have seen, both gu and (1 — g)u are elements of At since g, (1 —g) € A. Thus
gu/e, (1 —g)pu/d € K. Since p is an extreme point of K, the equation

1—
u=gu+(1—g)u=cg:+d(dg)u
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implies that p = gu/c. Using [Lemma 3.2.9, we conclude that g is constant on supp(u). But
then g(s) = g(s’) since s,s’ € supp(u), a contradiction. We conclude that supp(u) = t for

some t € 2.

By [Proposition 3.2.7, u = ¢d; for some ¢ € R\ {0}. Since 1 = ||u|| = |c/||0:]] = ||, we
have that ¢ = 4+1. Possibly multiplying by —1, we can assume that p = ;. Integrating the
constant function 1 € A with respect to d; € AL, we obtain

1=46(Q) = / 1dd; =0,
Q
a contradiction. This finishes the proof. |

Corollary 3.2.10 (The Stone-Weierstrass Theorem, complex case). Let Q be a compact Haus-
dorff space. Let A be a closed unital subalgebra of C(2,C) that separates points and has the
property that the complex conjugate f is in A for all f € A. Then A = C(2,C).

Proof. Let A be as in the statement of the corollary. B = {Re(f) : f € A}. Then B C C(Q,F)
and B is closed in C(Q,R). Moreover, B C A, since if f € A then Re(f) = (f + f)/2 € A.
Finally, if f,g € A then Re(f) - Re(g) is a real-valued function in A, hence Re(f) - Re(g) =
Re(Re(f)-Re(g)+i-0), so Re(f)-Re(g) € B. Similar arguments for linear combinations show
that B is a subalgebra of C (€, R).

Now if f € A then —if € A so Re(—if) = Im(f) € B. We show that B separates
points: If s,¢ € Q and s # t then we can find f € A such that f(s) # f(t). But then either
Re(f(s)) # Re(f(t)) or Im(f(s)) # Im(f(¢)), which shows that B separates points. We can

now apply the real version of the Stone-Weierstrass Theorem ([Theorem 3.2.8) to conclude
that B = C(Q,R). Hence, if f € C(£2,C), then Re(f),Im(f) € B C A, so

f=Re(f) +ilm(f) € A.
u

We mention the following result for locally compact Hausdorff spaces, which we will not
prove (although it is not so tedious to prove using the Stone—Weierstrass Theorem for compact
spaces).

Proposition 3.2.11 (The Stone—Weierstrass Theorem, locally compact version). Let  be a
locally compact Hausdorff space. Then the following hold:

(a) Let A be a closed subalgebra of Cy(£2,R) that separates points and vanishes nowhere, i.e.
for all t € Q there exists f € A such that f(t) #0. Then A= Cp(,R).

(b) Let A be a closed subalgebra of Cy(S2,C) that separates points, vanishes nowhere, and is
closed under complex conjugation. Then A = Cy(Q2,C).

3.3 The spectrum

From now on, we assume that all algebras are complex.
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Definition 3.3.1. Let A be a unital algebra. An element a € A is called invertible if there
exists a (necessarily unique) b € A such that ab = ba = 14. We write b = a~! and denote by
GL(A) the set of all invertible elements of A.

If a,b € GL(A) then (ab)(b-'a™') = (b~ta=!)(ab) = 1, so ab € GL(A) with (ab)~! =
b=la=l. Hence GL(A) is a group under multiplication.

Example 3.3.2. (a) Consider B(X) where X is a Banach space. Then T' € B(X) is in-
vertible if and only if there exists another bounded linear operator S on X such that
ST =TS = 1I. By the Open Mapping Theorem, we know that if T" is a bounded bijection
then its inverse is bounded, hence it suffices to check that T is a bijection to conclude
that T € GL(B(X)).

(b) Consider C(Q2) = C(Q2,C) where Q is a compact Hausdorff space. If f € C(2) then f
is invertible if there exists g € C'(Q2) such that fg = 1, the function constantly equal to
1. In other words f(t)g(t) =1 for all ¢ € Q. For this to be possible, it is necessary that
f is nonvanishing, i.e. f(t) # 0 for all t € Q. In that case we set g(t) = 1/f(¢) which is
continuous and hence an element of C'(§2). We conclude that f is invertible if and only
if it is nonvanishing.

Proposition 3.3.3 (Neumann series). Let A be a Banach algebra. If a € A with ||a| < 1,
then 1 — a is invertible, and the inverse is given by

l—a Za

Furthermore ||(1 —a)7|| < (1 — ||a|)~*

Proof. Note that since ||a|| < 1 we can use the geometric series formula as follows:

Z la™| < Z lall™ = IIaH

Thus b = )77 ;a™ is an absolutely convergent sequence so it converges by completeness of A.

Now
o0 o0 o0
ab = Zaa” = Za”“ = Za" =b—-1
n=0 n=0 n=1

and similarly ba = b— 1. Hence (1—a)b=b(1—a) =1,s0 1 —a € GL(A), with b= (1—a)~L.
From the first estimate we also see that ||b]| < (1 — ||al|)~!. |

As an application of [Proposition 3.3.3| we have the following important proposition:

Proposition 3.3.4. Let A be a Banach algebra. Then the following hold:
(a) The set GL(A) of invertible elements is an open subset of A.

(b) The inversion map GL(A) — GL(A) given by a — a~' is a homeomorphism.
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Proof. (a): Let a € GL(A). We claim that the open ball centered at a with radius ||a=!|| ™! is
contained in GL(A). Indeed, suppose ||a — b|| < |la~!||~!. Then

1= a0l = fla™ (@ = )] < la™"[[lla — bl < 1.

By [Proposition 3.3.3| we have that a='b =1 — (1 — a~'b) € GL(A). But then b = a(a~'b) €
GL(A).

(b): We show continuity at a € GL(A). Let € > 0. If b € GL(A) satisfies |ja — b|| <
1/(2|la=t]]) then

_ _ _ 1
1= a"] = lla™ (@ =Bl < [la” [llla = ] < 5.
By [Proposition 3.3.3| we have that a~'b is invertible, with
1
v lall = |(a70) 7 € ———— < 2.
I tall = a0 < f— gy
Thus
I~ = o™ aa™ | < o all e < 2fla”.
Now for any b € GL(A) we have that
la™ =7 = la™ (b — )b~ || < lla™ [l — all[[6~".
Hence, if ||a — b < 6 :== min{1/(2[|a"Y|)),¢/(2]|a!||?)}, then [la! — b7} < e. |

Definition 3.3.5. Let A be a unital algebra and let a € A. The spectrum of a is the subset
sp(a) ={z€C:21—a¢ GL(A)}
of the complex plane.

Example 3.3.6. (a) Consider B(X) for a normed space X. Then spectrum of an operator
T € A is exactly the spectrum in the usual sense: That is, the set of A € C for which
the operator AI — T is not invertible. In particular, if X is finite-dimensional then the
spectrum of T is exactly the eigenvalues of T

(b) Consider C(2) = C(Q,C), where Q is a compact Hausdorff space. Let f € C(€). Then
A € sp(f) if and only if A — f is not invertible. From (b) we know that
this is equivalent to A — f having a zero, i.e. there exists t € Q such that f(¢) = A\. But
this is equivalent to A\ € f(Q2), the range of f. Thus sp(f) = f(Q).

Proposition 3.3.7. Let A be a unital Banach algebra and let a € A. Then sp(a) is a compact
subset of C, and |\| < ||a|| for all X\ € sp(a).

Proof. We have that the maps¢t: C > Aand T,: A — A glven by ¢(\) = Al and T,,(b) = b—a,
respectively, are continuous. Since C \ sp(a) = (T, 1(GL(A))) and GL(A) is open by
[Proposition 3.3.4] (a), it follows that C \ sp(a) is open. Hence sp(a ) is closed.

Furthermore, if |2| > ||a|| then ||z~ a|| < 1so 1—2"1a € GL(A) by |Proposition 3.3.3, But
then 21 —a = 2(1 — 2z ta) is also in GL(A), so A ¢ sp(a). This shows that [A| < ||a|| for all
A € sp(a). In particular, sp(a) is bounded, and since it is also closed it must be compact by
the Heine-Borel Theorem. [
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Consider for a moment the Banach algebra B(X) of linear maps on an n-dimensional
normed space X. After identifying X with C", we have that B(X) = Mat,(C), the alge-
bra of complex n x n matrices. In this setting we know that the spectrum of a matrix M
consists exactly of its eigenvalues, which are the roots of its characteristic polynomial. By
the fundamental theorem of algebra we know that this polynomial has a root; hence M has
an eigenvalue. We will prove a vast generalization of this theorem to the setting of Banach
algebras. First we need the following lemma.

Lemma 3.3.8. Let A be a unital Banach algebra, let a € A and let ¢ € A*. Then the
complez-valued function

f(z) =6((z1—a)7)
is holomorphic on the open set C\ sp(a).

Proof. Note first that C\ sp(a) is in fact open, since sp(a) is closed by [Proposition 3.3.7]
Let z,zp € C\ sp(a) with z # z9. We then have that

f(z) = f(z0) _ d((z1—a)! — (20l —a)"")

zZ— 2 zZ— 20
¢((21 —a)"'((20l —a) = (21 —a))(20l —a)~")

Z— 20

=—o¢((21 — a)*l(zol - a)*l).

Letting z — 2 and using the continuity of ¢ we see that f’(zp) exists, with f'(z0) = —¢((al —
20)~2). This shows that f is holomorphic at zg. [ |

Theorem 3.3.9. Let A be a unital Banach algebra and let a € A. Then sp(a) is nonempty.

Proof. Suppose for a contradiction that sp(a) is empty. Let ¢ be a bounded linear functional
on A. Then the function f(z) = ¢((21 — a)™!) for z € C is holomorphic on all of C by
Lemma, 3.3.8|

If |z] > ||a|| then we know from [Proposition 3.3.7|that z ¢ sp(a). Using the estimate from
[Proposition 3.3.3 we have that

1 1
L—a) =z (1 -2""a) Y < = : 3.1
IG1 =) = 70 =07 € s~ e )
Thus, when |z| > ||a|| we have that
- -1 I
1f(2)] = o((z —a) ) < ¢llli(z —a)"" || < o= [l (3.2)

Since f is continuous, it is bounded on the compact set {z € C : |z] < ||a|| + 1}. On the other
hand, shows that |f(2)| < ||¢| for z in the set {z € C: |z| > ||la|| + 1} as well. Thus, f is
holomorphic and bounded on all of C. By Liouville’s theorem from complex analysis it follows
that f is constant. Hence ¢((z —a)™!) = ¢((w — a)~!) for all z,w € C. Since ¢ € A* was
arbitrary, it follows from a corollary of the Hahn-Banach Theorem that (z —a)™' = (w —a)~!
for all z,w € C. But this leads to a contradiction, as we can set e.g. z = 0 and w = 1 to
obtain —a=1—aor 0=1. |
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Corollary 3.3.10 (Gelfand-Mazur Theorem). Let A be a unital Banach algebra in which very
nonzero element is invertible. Then A = C.

Proof. Let a € A. If A € sp(a) then a — Al is not invertible. But then it must be zero,
so @ = Al 4. Thus A consists only of complex scalar multiples of the multiplicative identity
14, so the isometric homomorphism C — A given by A +— Al,4 is surjective. It follows that
A=C. |

Let a be an element of an algebra A and let p(z) be a complex polynomial in the variable
z, say p(2) = S op_o AkzF for Ao, ..., A\x € C. We then set

pla) = Z)\kak.
k=0

Proposition 3.3.11 (Spectral Mapping Theorem for polynomials). Let A be a normed, unital
algebra and let a € A. Let p(z) be a complex polynomial in the variable z. Then

sp(p(a)) = p(sp(a)) = {p(A) : X € sp(a)}.

Proof. If p(z) is the zero polynomial then sp(p(a)) =sp(0) ={A € C: X1 -0 ¢ GL(A)} =
{0} = p(sp(a)), so assume that p(z) is nonzero.

First we show that p(sp(a)) C sp(p(a)). Let A € C and suppose that p(A\) ¢ sp(p(a)). Then
p(a) — p(A)1 has an inverse b. Since A is a root of the polynomial p(z) — p(A), there exists a
polynomial ¢(z) such that p(z) — p(A) = ¢(2)(z — A). But then p(a) — p(A\)1 = q(a)(a — A1),
so bg(a) is an inverse of a — A\1. Hence A ¢ sp(a).

We now show that sp(p(a)) C p(sp(a)). Let p € sp(p(a)). By the Fundamental Theorem
of Algebra, we can write the polynomial p(z) — p as a product of linear factors

p(z) —p=clz=X) (2= An)
where ¢, A1, ..., A, € C. Since p(z) is assumed nonzero, ¢ must be nonzero. But then we have
pla) — pul =cla— A1) -+ (a — A1).

Since p(a) — pl is not invertible, at least one of the terms a — Ax1 cannot be invertible. But
then Ay € sp(a), and

P) = (P(M) = 1) + 10 = 1,
which shows that 1 € p(sp(a)). This finishes the proof. [ |

Definition 3.3.12. Let A be a unital Banach algebra, and let a € A. Then the spectral radius
of a is the number

r(a) =sup{|A| : A € sp(a)}.

Remark. By |[Theorem 3.3.9]and [Proposition 3.3.7, the spectrum is compact and nonempty, so
the supremum in the definition of r(a) is well-defined. It also follows from [Proposition 3.3.7|
that

r(a) < ||la|]| for all a € A.



3.3. THE SPECTRUM 45

Theorem 3.3.13 (The Spectral Radius Formula). Let A be a unital Banach algebra and let
a€A. Then

r(a) = lim [la" '/

Proof. Let a € A. We will show that

lim sup [|a™[|"/" < r(a) < liminf [|a™||"/".
n—00 n—oo

By [Proposition 3.3.11] we have that A" € sp(a™) for all A\ € sp(a) and n € N. Hence,
using [Proposition 3.3.7, we have that |A|® = |A\"| < |la™|| whenever A € sp(a). This gives
IA| < liminf, o [|a”|}/", and thus

< limi n|l/n
r(a) _hnrr_lgnga |7/

We will now show the other inequality. Let ¢ € A* and consider the function f(z) = ¢((z1 —
a)~1), which is holomorphic on C \ sp(a) by Consider the annulus S = {z € C:
r(a) < |z|}. Since S C C\ sp(a), f is holomorphic on S.

Now if 2 belongs to the annulus S’ = {z € C : ||a|| < |z|}, so that |[z"!a|| < 1, then by
[Proposition 3.3.3| we have that

g1 11 1 Z1 \n |
(21 —a) 1:;(1—2' La) 1222(2: La) :Zﬁa.

It follows that

f(z)=¢<i —a") = Zznﬂ (3.3)

for z € S’. The annulus S’ is a subset of the annulus S (by [Proposition 3.3.7), and f has a
Laurent series on the bigger annulus S since it is holomorphic there. By uniqueness of Laurent
series, the Laurent series holds on the bigger annulus S. By the absolute convergence of
a Laurent series, we then have that

Z ’ Zn+1

whenever |z| > r(a), so the sequence (|¢(a™)/2"T1])2 is bounded for all z € C with |z| > r(a).
This holds for all ¢ € A*.
Consider now the linear isometry ®: A — A** of A into its bidual. We have shown that

sup |®(a"/2" 1) (¢)| < 0o for all ¢ € A* and z € C with |z| > r(a).
n>0

By the Uniform Boundedness Principle, we conclude that for every z € C with |z| > r(a),
there exists M, > 0 such that

a™/z" Y| = || ®@(a" /2" )| < M, for all n > 0.

1/7’1‘

But then ||a"|| < M, |z, so ||a"||"/" < M. |1+1/7 Taking the limit superior, we obtain

limsup [|a™||"/" < limsup M}z 1/ = hm M|z = |z,
n—oo n—oo
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which holds provided |z| > r(a). Taking the infimum over all z € C with |z| > 7(a) in the
above inequality, we obtain
lim sup ||a™||"/" < r(a).

n—oo

This finishes the proof. |

3.4 The Gelfand transform

Definition 3.4.1. Let A be a unital Banach algebra. A proper ideal I in A is called mazimal
if it is maximal among all the proper ideals of A ordered with respect to inclusion, i.e. if
whenever J is a proper ideal of A and I C J, then I = J.

Proposition 3.4.2. Let A be a unital Banach algebra. Then the following hold:

(a) If I is an ideal of A, then CI(I) is an ideal of A. If I is a proper ideal of A, then CI(I)
is a proper ideal of A.

(b) If I is a mazximal ideal of A, then I is closed.
(c) If A is commutative, then every proper ideal is contained in a mazimal ideal.

Proof. (a): Suppose I is an ideal of A. Then CI(]) is a linear subspace, being the closure of a
linear subspace. Let a € C1(I). Then we can find a sequence (ap)nen in I that converges to a.
Let b € A. Then ab = lim,_,« a,b. Since a,b € I for each n € N, it follows that ab € CI(I).
This shows that CI(/) is an ideal of A. Suppose that Cl(/) = A. Then 1 € CI(I), so we
can find a € I with |1 — a|| < 1. By [Proposition 3.3.3| we have that a € GL(A). But then
ala=1€I,sob=>5bleclforalbec A Thus I = A. This shows that if I is proper, then
CI(I) must be proper as well.

(b): Suppose I is a maximal ideal. From (a) we know that CI(I) is an ideal of A as well.
Since I C Cl1, it follows from maximality that I = CI(I), so I must be closed.

(c): This is a common application of Zorn’s lemma which is commonly taught in a first
course in abstract algebra, so we only outline the proof here: Let I be an ideal of A and order
the set of all proper ideals that contain I with respect to inclusion. Show that every chain has
an upper bound, and apply Zorn’s lemma. |

Example 3.4.3. Consider the commutative, unital Banach algebra C(2) for a compact Haus-
dorff space Q2. For a closed S of €, set

I(S)={feC(Q): f(t)=0forall t € S}.
It will be given as an exercise to show that the following hold:
(a) I(S) is a closed ideal of C'(£2),
(b) If S and S’ are closed subsets of €2, then S C S’ if and only if I(S) D I(S’),

(c) Every closed ideal of C(2) is of the form I(.S) for some closed subset S in .
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Now a proper, closed ideal I of C(2) is maximal if and only if whenever I C J for a proper
ideal J (which we can assume is closed), then J = I. Writing I = I(S) for a closed subset S
of 1 and using the above, I is maximal if and only if S is a nonempty closed subset of €2, and
whenever S’ C S for a nonempty closed subset S’ of S, then S = S’. This happens if and only
if S = {t} for some ¢t € Q. We conclude that the maximal ideals of C'(f2) are exactly the sets

I{t}) ={feC(Q): f(t)=0} forteq.

Definition 3.4.4. Let A be a unital normed algebra. A unital algebra homomorphism from
A to C is called a character on A. We denote by A(A) the set of all characters on A.

Remark. Requiring that an algebra homomorphism 7: A — C is unital is equivalent to re-
quiring that it is nonzero: If 7 is not identically zero then 7(a) # 0 for some a € A, so
0 # 7(a) = 7(al) = 7(a)7(1) which forces 7(1) = 1. Requiring that 7 is unital is also equiva-
lent to surjectivity, since if 7(1) = 1 then A = A7(1) = 7(A1) for all A € C. Conversely, if 7 is
surjective then it is nonzero.

Example 3.4.5. Consider C(Q2) for a compact Hausdorff space Q. Given ¢ € 2, we define
a function ev;: A — C by evi(f) = f(t) for f € C(2). We know already that ev; is a
bounded linear functional on C'(2) (it corresponds to the dirac measure d;). However, ev; is
also multiplicative, as

evi(fg) = (f9)(t) = [()g(t) = evi(f) evi(g) for all f,g € C(Q).
We also have that ev;(1) = 1(¢) = 1, so ev; is a character on C(€2).

Proposition 3.4.6. Let A be a nonzero unital Banach algebra. Then A(A) is a weak™ closed
subset of the closed unit ball of A*, hence compact in the weak™ topology.

Proof. We claim that if a € A and 7 € A(A), then 7(a) € sp(a). Indeed, since 7 is a unital
algebra homomorphism, it maps invertible elements to invertible elements. But 7(7(a)l —a) =
7(a)7(1) — 7(a) = 0 which is not invertible, hence 7(a)l —a ¢ GL(A). Thus 7(a) € sp(a).

It follows from [Proposition 3.3.7| that |7(a)| < ||a|| for all @ € A, so 7 is bounded, with
|I7]] < 1. Since |7(1)] = 1 and ||1]| = 1, it follows that ||7|| = 1, so we have shown that A(A)
is a subset of the closed unit ball of A*.

Finally, suppose (7))xea is a net in A(A) that converges weak™ to ¢ in the closed unit ball
of A*. If a,b € A, then

Blab) = Tim 7z (ab) = lim 73()72(0) = (lim 72(a)) (i 72 (5)) = B(a) (D)

Furthermore, ¢(1) = limy 75(1) = limy 1 = 1. This shows that ¢ € A(A4), so A(A) is a weak*
closed subset of the closed unit ball of A*. The weak® compactness of A(A) now follows from

the Banach—Alaoglu Theorem (Theorem 2.5.7)). |

From now on, we will consider A(A) as a topological space with the weak* topology. By
[Proposition 3.4.6, A(A) is a compact Hausdorff space. We call A(A) the character space of
A.

Lemma 3.4.7. Let A be a nonzero unital commutative Banach algebra, and let I be a mazimal
ideal of A. Then A/I is isomorphic to C.
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Proof. Pick ap € A\ I and set
J={aap+b:a€Abel}.
We claim that J is an ideal of A: For a,a’ € A, b,b’ € I and A\, u € C we have that
Maag +b) + p(d’'ag + V') = (Aa + pa')ag + (Ab+ pb') € J.
Furthermore, if ¢ € A then
c(aag + b) = (ca)ag + (cb)
which is in J since ¢b € I. We also have that I C J, since elements of the form 0-ag+b = b are
in J for b € I. However, ag ¢ I but ag = lag+0 € J. It follows that I C J, so by maximality
of J we conclude that J = A. We can then find a € A and b € I such that 1 = aag + b.
Thus 1 +1 =aap+ I = (a+ I)(ag + I), so ap + I is invertible in A/I. We have thus shown

that every nonzero element in A/I is invertible, so A/I = C by the Gelfand-Mazur Theorem
(Corollary 3.3.10)). [

Proposition 3.4.8. Let A be a monzero, commutative, unital Banach algebra. Then the
following hold:

(a) The map T — Ker(T) is a bijection between A(A) and the set of mazimal ideals of A.
(b) An element a € A is invertible if and only if T(a) # 0 for all T € A(A), and
sp(a) ={7(a) : 7€ A(A)} foralla € A.

Proof. (a): Let 7 € A(A). We must show that Ker(7) is a maximal ideal of A. Since 1 ¢ Kerr,
we know that Ker(7) is a proper ideal of A. Let Ker(7) C I for an ideal I of A. Assuming that
Ker(7) # I, we can let a € I\Ker(7). Then 7(a) # 0, while 7(1 —7(a) la) = 1—7(a) "!7(a) =
0. Thus 1 —7(a)"ta € Ker(r) C I,s0 1 = (1 — 7(a)"ta) + 7(a)"ta € I. This shows that
I = A, so Ker(7) must be maximal.

We show injectivity of the map: Suppose that 7,7 € A(A) satisfy Ker(r) = Ker(72).
Let a € A. Then a — 71(a)l € Ker(11), so by assumption a — 71(a)l € Ker(rz). But then

0= Tg(a - 7'1(@)1) = Tg(a) — 7’1<a)7'2<1) = Tg(a) — Tl(a),

so 71(a) = m(a). Since a € A was arbitrary, we conclude that 7 = 7.

Finally, we show surjectivity: Let I be a maximal ideal of A. By the
quotient A/I is isomorphic to C. Moreover, the quotient map A — A/I is a unital algebra
homomorphism. We then have a unital algebra homomorphism 7: A — A/I = C, ie. a
character on A, and Ker(7) = I. This shows that A(A) is in bijection with the maximal ideals
of A.

(b): If a is invertible and 7 € A(A), then 7(a) must be invertible in C, so 7(a) # 0.
Conversely, suppose a is not invertible. Consider the set I = {ab: b € A}, which is an ideal
since A is commutative. Furthermore, a = al € I, and I is proper since 1 ¢ I (otherwise
we would have 1 = ab for some b € A, which contradicts that @ is not invertible). By
[Proposition 3.4.2) I is contained in a maximal ideal J. By (a), there exists 7 € A(A) such
that Ker(7) = J. Since a € I C J, we have that 7(a) = 0.

We already saw that 7(a) € sp(a) for all a € A, since 7(a)l — a € Ker(7). Conversely, let
A € sp(a). Then A1 — a is not invertible, so by (b) there exists 7 € A(A) with 7(A1l —a) = 0.
But then 7(a) = A, which finishes the proof. [ |
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We can now determine the character space of the Banach algebra C'(€2): It is simply the
space {2 itself.

Proposition 3.4.9. Let ) be a compact Hausdorff space. Define a map ¥: Q — A(C(Q)) by
U(t) =evy fortel.
Then Y is a homeomorphism.

Proof. We begin by showing injectivity of U: Let s,t € ) and suppose that s # ¢. Since €2
is compact Hausdorff, it is normal. By Urysohn’s lemma, we can find a continuous function
f: Q@ — C such that f(s) =1 and f(¢t) = 0. But then ¥(s)(f) = f(s) # f(t) = ¥(¢)(f), so
U(s) # W(t).

Next, we show surjectivity of ¥: Let 7 € A(C(A)). Then Ker(7) is a maximal ideal by
[Proposition 3.4.§| (a), so by [Example 3.4.3| we must have Ker(7) = I({t}) for some ¢ € . But

I({t}) = Ker(ev;), so again by [Proposition 3.4.8 we conclude that 7 = ev;.

The proof of continuity of ¥ goes as follows: If (£))xea is a net in 2 that converges to
t € Q, then U(ty)(f) = f(tx) = f(t) = ¥(t)(f) for all f € C(2). Hence ¥(ty) — ¥(t) in the
weak™ topology.

Now since V¥ is a continuous bijection from a compact space to a Hausdorff space, it follows
from general topology that ¥ is a homeomorphism.

As before, let A be a commutative unital Banach algebra. Given a € A, we define
a: A(A) — C by
a(t) =7(a) forall 7 € A(A).

Note that @ is continuous: Indeed, if (7y)xean is a net in A(A) that converges weak® to
a € A(A), then a(ry) = ma(a) — 7(a) = a(7). This shows that a € C(A(A)).

Definition 3.4.10. Let A be a commutative, unital Banach algebra. We define the Gelfand
transform of A to be the map
I': A— C(A(A))

given by
I'(a)=a forac A.

Theorem 3.4.11. Let A be a commutative, unital Banach algebra. Then the following hold:

(a) The Gelfand transform of A is a unital algebra homomorphism.

(b) For all a € A we have that
sp(I'(a)) = sp(a).

In particular, |T'(a)||cc = r(a), so that T' is norm-decreasing, with ||| = 1.

Proof. (a): It is straightforward to check that T' is a unital algebra homomorphism: Let
a,be A and A\, € C. For 7 € A(A) we have that

I'(Aa + pb)(17) = 7(Aa + pub) = At(a) + pr(b) = A'(a)(7) + pI'(b)(7) = T'(Aa + pb) (7).
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This shows that I' is linear. Furthermore,

[(ab)(r) = 7(ab) = 7(a)7(b) = T'(a)(7)I'(b)(7)

shows that I" preserves multiplication. Finally, I'(1)(7) = 7(1) = 1, so I'(1) is the function on
A(A) constantly equal to 1. This shows that I" is unital.
(b): Using [Proposition 3.4.8 (b) we have that

sp(T'(a)) ={T(a)(7) : 7 € A(A)} = {7(a) : 7 € A(A)} = sp(a).

Consequently [|[T'(a)|lcc = r(I'(a)) = r(a). Since r(a) < |la||, this shows that I' is norm-
decreasing, so ||I'|| < 1. Since I' is unital, it follows that ||T'|| = 1. [ |

Remark. The Gelfand transform is neither injective or surjective in general.

3.5 Convolution algebras of abelian groups

Let G be a countable group. Recall that ¢/!(G) is a unital Banach algebra with respect to
convolution, and that £!(G) is commutative if and only if G is abelian. Thus, if G is abelian,
we might ask what the character space A(¢!(G)) looks like, and what the Gelfand transform
I': /YG) — C(A(YHG))) does.

We denote by T the circle group, which can be thought of as the multiplicative subgroup

T={zeC:|e| =1}

of the complex numbers (with the subspace topology), or the quotient group R/Z (with the
quotient topology). The isomorphism between the two comes from the map R — C given by
t — €2™ which has image equal to {z € C : |2| = 1} and kernel equal to Z. Note that T is
compact, being a closed and bounded subset of C.

Definition 3.5.1. Let G be an abelian countable group. A group homomorphism G — T is
called a character on G. The set G of all characters of G is called the Pontryagin dual of G.

The Pontryagin dual G of an abelian group G is a group itself with respect to pointwise
multiplication. The inverse of a character w: G — T is given by the pointwise conjugate @w.

Proposition 3.5.2. Let G be an abelian countable group, and equip CS, the vector space of all
functions G — C, with the topology of pointwise convergence, i.e. the locally convex topology
induced by the family of semi-norms (04)geq, where

og(w) = |w(g)| forwe G.

Then G is a compact subspace of CE, and the group multiplication and group inversion of G
become continuous maps.

Proof. Since T is s compact, the product space T is compact by Tychonoff’s Theorem
‘

em 1.3.8), and G C TC. Therefore, it suffices to show that G is closed in TC.
Let (wx)aea be a net in G that converges pointwise to w € TC. If g, h € G, then

w(gh) = limwa(gh) = limwi(g)wr(h) = (limwi(g))(limwx(h)) = w(g)w(h).



3.5. CONVOLUTION ALGEBRAS OF ABELIAN GROUPS o1

This shows that w € é, so G is a closed subspace of T¢, hence compact.
We now show that group multiplication is continuous: Suppose (wy)y and (x»)x are nets
in G that converge pointwise to w and ¥, respectively. If g € G we get

lim(waxa)(9) = limwa(g)xa(g) = (imwa(g))(limxa(9)) = wlg)x(g) = (Wx)(9).

This shows that the net (wyx))x converges pointwise to wy, which proves continuity of group
multiplication. We also get for g € G that

limwy ' (g) = limwa(g) = limwa(g) = w(g) = w™'(9).
Hence group inversion is continuous as well. |

In light of the above results, we will always view the Pontryagin dual as a compact topo-
logical space with the topology of pointwise convergence.

Example 3.5.3. (a) Let G = Z, the additive group of integers. We can obtain characters
on Z as follows: For any z € T, define w,: Z — T by w,(k) = z*. Then w, is easily seen
to be a character on Z. Moreover, note that if w € Z the w(k) = w(1)* for all k € Z,
so the characters w, for z € T are in fact all the characters on Z. Moreover, the map
Z — T given by w — w(1) is a continuous group homomorphism, which is actually a
bijection by the preceding discussion. This shows that Z~T.

(b) Let G = Z,, the finite cyclic group of order n. We write its elements as [k] for k € Z,
where [k] = [{] if and only if k —1 € nZ. Asin (a), f w € Zy, then w([k]) = w([1])* for
all [k] € Z,,. However, since [n] = [0], we need w([1])"” = 1, i.e. it has to be an nth root
of unity. Thus Z, {z € T: 2" = 1} which is isomorphic to Z,.

We have that G C £>°(G), since |w(g)| = 1 for all w € G. Thus, every w € G defines a
bounded linear functional on £}(G) via

bu(a) = alg)w(g) fora € '(G).

geG

It turns out that these linear functionals belong to A(fH(@)), and that the map w > ¢,
implements a homeomorphism between G and A(¢H(G)):

Theorem 3.5.4. Let G be an abelian countable group. Then the map f: G — A(FH@G)) given
by
fw)(a) = Z a(g)w(g) forw e G and a € (1(G)

geG
1s a homeomorphism.
Proof. Let w € G. We must show that f(w) is an element of A(£1(G)). We know that it is

a bounded linear functional on ¢!(G) since w € ¢*°(G), but we must check that it preserves
multiplication and is unital. Let a,b € £}(G). Since

> latp gw(g)l = 3= D" lambig)l = (X la®]) (3 6(9)]) = llallsblh < oo,

heG geG heG geG heG geG
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the interchanging of sums in the following computation is justified by Fubini’s Theorem:

f@)(axb) =" (axb)(g)w(g)

geG

=33 am)b(htg)w(g)
g€G heq

=33 a(h)b(h " g)w(g)
heqG geG

=) ) a(h)b(g)w(hyg)
heG gel

=3 ") a(h)b(g)w(h)w(g)
heG gelG

_ ( 3 a(h)w(h)) ( > b(g)w(g))

hed 9eG
= f(w)(a) f(w)(b).

This shows that f(w) preserves multiplication. Also,

F@)(0e) =Y delg)w(g) = wle) =1,

geG

which shows that f(w) is unital. We have now shown that f(w) € A(/}(Q)) for every w € G
Next, we show continuity of f. Suppose (wy)xea is a net in G that converges to w € G.
We must show that the net (f(wy))x converges to f(w). Since the topology on A(¢}(Q)) is
that of pointwise convergence, we must show that (f(wy)(a))y converges to f(w)(a) for every
a € IY(@), so let a € £(G) and € > 0. Then we can find a finite subset F of G such that
S yearlalo)] < /4
Set C' = max{|a(g)| : g € F'}. Since (wy)x converges to w pointwise, we can find \g € A

such that
€

———— for all Fand A > Ag.
<2|F|(C’+1) or all g € F' an > Ao

lwa(g) —w(g)]

Now if A > Ao then

@)@ = F@)(@] = | D alglarls) = 3 alg)w(s)]

geG geG
< la(g)llwalg) —w(9)|
geG
= la(@)llwalg) —w(@)+ Y la(g)llwalg) — w(9)]
geF geEG\F
< ;C SFC D) +Q§F\a(g)l(lm(9)l + |w(g)])
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This shows that f is continuous.
We show that f is injective. Let w, x € G and suppose that f(w) = f(x). Then for every
h € G, we have that

w(h) =Y dn(gw(g) = F@)(0h) = FONGR) =D _ nlg)x(g) = x(h).

geG geq

Hence w = x.

Surjectivity of f goes as follows: Let 7 € A(£}(G)). Then in particular 7 € £}(G)*, so we
know that 7 is given by 7(a) = > < a(9)b(g) for some b € (°°(G). Using the multiplicativity
of T, we obtain for every g, h € G that

b(g)b(h) = (D b(k), (k) ) ( 3 0u(k)b(R))

keG keG
= 7(3g)7(3n)
= 7(0g * Op)
= T((Sgh)
= an(k)b(k) = b(gh).

keG

This shows that b must be multiplicative. Similarly

b(1) =Y Se(k)b(k) = 7(de),

keG

which shows that b is unital. We know have that b € G and f(b) = 7, which proves surjectivity.
We have now established that f is a continuous bijection from G to A(¢}(G)). Since G is
compact and A(¢(G)) is Hausdorff, it must be a homeomorphism. [ |

In view of [Theorem 3.5.4] let us consider the Gelfand transform of ¢1(G). It is the map
I:HG) = CA(UHG))) given by I'(a)(1) = 7(a) for all a € (HG) and T € A(UHG)).
Identifying A(/}(GQ)) with G using the homeomorphism f from [Theorem 3.5.4, the Gelfand

transform is the map

r: NG) = C(G)
given by
I'(a)(w) = Z a(g)w(g) for a € £1(G) and w € G.
geG
This map is known as the Fourier transform associated WithAG. As an example, let us look at
G =Z. We saw that Z = T in|Example 3.5.3|(a), where w € Z can be identified with w(1) € T.
Using this identification, the Gelfand transform of ¢!(Z) is the map I': ¢}(Z) — C(T) given
by
I(a)(z) = Za(k)zk for z € T.

keZ
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If we write z = €2™ for t € R/Z, then we get

T(a)(t) = a(k)e*™*,

keZ

This series is the Fourier series with coefficients (a(k))gez.

We identify C'(T) with the continuous functions f: R — C that have period 1, i.e. f(t+k) =
f(t) for all t € R and k € Z. For each n € Z, we let e, € C(T) be the function e, (t) = >t
We know that (e,)nez is an orthonormal basis for the Hilbert space L?(T), with inner product
given by (f,g) = fol f(t)g(t) dt. The nth Fourier coefficient of a function f € L*(T) is given
by

~ 1 ‘
f(n) = (f,en) = /0 f(t)e™2mmt .

Definition 3.5.5. The Wiener algebra is the set W(T) of functions f € C(T) that have
absolutely summable Fourier coefficients, i.e.

> If(n)] < oo,

neN

One can show that the Wiener algebra is precisely the image I'(¢}(Z)) C C(T) under the
Gelfand transform of ¢1(Z).

Proposition 3.5.6. Let f € W(T) have the property that f(t) # 0 for allt € T. Then
1/f e W(T).

Proof. Let f be as in the proposition. Then we can write f = I'(a) for some a € ¢*(Z). Since
f(t) #0 for all t € T, f is invertible as an element of C(T), so 0 ¢ sp(f) = sp(I'(a)). From
[Theorem 3.4.11| we have that sp(I'(a)) = sp(a), so a must be invertible as an element of £1(Z).
But then a * a~! = &y, so

1=T(0) =T(axa ) =T(a)I'(a')=f -T'(a™t).
This shows that 1/f =T'(a™!), so 1/f € W(T). |

Remark. What we have done in this section can be generalized to locally compact Hausdorff
abelian groups G, that is, abelian groups which carry a locally compact Hausdorff topology for
which the group multiplication and group inversion are continuous maps. For these groups, one
can define the Pontryagin dual G similarly, which itself becomes a locally compact Hausdorff
abelian group.



Chapter 4

C*-algebras

4.1 Involutions

Definition 4.1.1. Let A be a (complex) algebra. An involution on A is a map A — A,
a — a*, satisfying the following properties:

(a) (Aa+ ub)* = Xa* +mb* for all a,b € A.
(b) (ab)* =b*a* for all a,b € A.
(c) (a*)* =a for all a € A.
An algebra A equipped with an involution * is called a x-algebra.
Remark. Suppose A is a unital algebra with involution *. Let a € A. Then
a-1" = (a*)* - 1" = (1-a*)* = (a*)* = q,

and similarly 1* - ¢ = a. By uniqueness of multiplicative identities, this implies that 1* = 1.
A subset S of a x-algebra A is called *-closed if a* € S whenever a € S. A subalgebra B

of a x-algebra A is called a x-subalgebra if it is *-closed.

Definition 4.1.2. A Banach *-algebra is a Banach algebra A that carries an involution which
is isometric with respect to the norm on A: That is, for every a € A we have that

la*][ = lla]|-

Example 4.1.3. (a) Consider C(Q) for a compact Hausdorff space Q. Then f* = f, i.e.
pointwise complex conjugation, is an involution on C(Q2), and C(€2) becomes a Banach
x-algebra with respect to this involution: For f € C'(Q2) we have that

1F71l = sup | ()] = sup [f(£)] = [|f]]
teQd teQ)

(b) Let (22, A, i) be a measure space. Then similarly to (a), L>($, A, i) becomes a Banach
x-algebra with respect to the involution f* = f.

95
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(c) Consider B(H) for a Hilbert space H. Then the adjoint, T +— T, defines an involution
on B(H). This is known from MAT4400.

(d) Consider ¢1(G) for a group G. Given a € ¢1(G), define
a*(g) =a(g™') forged.

We leave it as an exercise to check that this defines an involution on ¢1(G), and that
¢*(G) becomes a Banach x-algebra with respect to this involution.

Definition 4.1.4. Let A and B be x-algebras. A homomorphism ¢: A — B is called -
preserving or a x-homomorphism if

¢(a*) = ¢(a)” forall a € A.
If ¢ is additionally a bijection, then ¢ is called a x-isomorphism.

Observation 4.1.5. Let A be a unital x-algebra. Observe that for a € A, we have that
a € GL(A) if and only if a* € GL(A), with (a*)™! = (a~!)*: Indeed, if a € GL(A) we have
that
a*(a™)* = (a ta)* = 1% =1,

and similarly (a=!)*a* = 1. Conversely, if a* € GL(A), then a = (a*)* € GL(A) by what we
already proved.

In particular, A1 — a € GL(A) if and only if A1 — a* = (Al — a)* € GL(A), which shows
that sp(a*) = sp(a).

Definition 4.1.6. A C*-algebra is a Banach algebra equipped with an involution satisfying
the so-called C*-identity:
la*al| = ||lal|* for all a € A.

Remark. A C*-algebra is automatically a Banach x-algebra: If a € A, a # 0, then
lal* = lla*a]| < [la*[l|al,

so we can cancel |la]| to obtain |ja|]| < |la*||. Applying the same argument again, we get
lla*[| < |(a*)*]| = |la|l, so ||a|]| = ||a*|| for all a € A (the case a = 0 is trivial). Note also that
in any Banach *-algebra we have that |[a*a|| < ||a*||||a|| = ||a|/?, so it is the reverse inequality
that distinguishes Banach *-algebras from C*-algebras.

Remark. If A is a unital nonzero C*-algebra, then we do not have to assume that ||1]| = 1:
We have that
1) =11 = [,

so ||1]] = 1 since 1 # 0.

Example 4.1.7. (a) Let H be a Hilbert space. Then B(H) is a C*-algebra: For z € H and
T € B(H) we have that

|IT2|® = (T2, Tx) = (T"Tx,z) < |T"Tal|]].

Taking the supremum over all ||z|| = 1, we obtain ||T||? < || T*T|.
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(b) If Q is a compact Hausdorff space, then C(Q2) is a C*-algebra: For f € C(f2) we have
that

15 Flloo = 17 flloo = I/ Plloc = I FII3-

(c) If G is a countable group, then the Banach x-algebra ¢!(G) is not a C*-algebra in general.
A concrete counter-example will be given in an exercise.

Definition 4.1.8. Let A be a unital C*-algebra. We call a € A
(a) normal if aa* = a*a,
(b) self-adjoint if a* = a,
(c) unitary if aa* = a*a =1, ie. a=! = a*.
Proposition 4.1.9. Let A be a unital C*-algebra, and let a € A. Then the following hold:
(a) If a is unitary, then sp(a) C T.
(b) If a is self-adjoint, then sp(a) C R.
Proof. Exercise. |
Lemma 4.1.10. Let A be a unital C*-algebra and let a be a normal element of A. Then
r(a) = [lall.

Proof. Assume first that a is self-adjoint, i.e. a = a*. Applying the C*-identity, we get |a?|| =

la*all = [lal*. Repeating the argument, we get [a*| = [|(a*)*(a®)]| = [la*|* = [lal|'. By
induction, we get ||a%"|| = ||a||?" for all n € N. The Spectral Radius Formula (Theorem 3.3.13))
now gives

T n|l/n _ 1; 2n1/(2™)
(@) = lim """ = tim [la2"[/2) = |a].

Assume now that a is normal. Then (a")*(a") = (a*a)", so
r(a) = lim [la”["" = lim |(a")*(a")"® = (lim |(a"a)"|"/")"/2.
n—oo n—oo n—oo
However, a*a is self-adjoint, since (a*a)* = a*(a*)* = a*a. Thus, using what we already
proved, the above limit is equal to

1/2 _

ra a =l|la a
(a”a) la*al'/?

= llall-
This finishes the proof. |

Observation 4.1.11. Let A be a C*-algebra and let a € A. We then define

Re(a) = a Z(z Im(a) = a ;ia .

One then checks that Re(a) and Im(a) are self-adjoint, and that

a = Re(a) + iIm(a).
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In fact, this representation is unique: If b+ ic = b’ +ic for self-adjoint elements b, ¢, b, ¢’ € A,
then b—b" = i(c’ — ¢). By |Proposition 4.1.9/and the Spectral Mapping Theorem, the spectrum
of i(c’ — ¢) is a subset of iR. On the other hand, the spectrum of b — ¥’ is a subset of R. Thus,
we must have sp(b—b") = {0}. Since b— b’ is normal, we get |[b—b'|| =r(b—V') =0,s0b=1'.
It then follows that ¢ = .

Theorem 4.1.12. Let A be a unital commutative C*-algebra. Then the Gelfand transform
I': A— C(A(A)) is an isometric x-isomorphism.

Proof. We must show that I' is *-preserving, isometric and surjective.
To show that I' is #-preserving, assume first that a € A is self-adjoint. Let 7 € A(A).
Since 7(a) € sp(a) and sp(a) C R by [Proposition 4.1.9 it follows that 7(a) = 7(a). Hence

I(a)*(r) = I'(a)(7) = 7(a) = 7(a) = T(a)(7) = I'(a”)(7).

Now let a € A be general. Using [Observation 4.1.11] and what we already proved, we get

This shows that I' is x-preserving.
Next, we show that I' is isometric. Since A is commutative, every element is normal, so

Lemma 4.1.10| gives that ||a|| = r(a) for all @ € A. Thus, using [Theorem 3.4.11| (b), we get
IT(a)]loo = r(a) = [lall.

We now show surjectivity of I'. Note that since I' is an isometry, its range B = I'(A) C
C(A(A)) is closed in A(A). Furthermore, since I' is a unital *-homomorphism, B is a unital
subalgebra of C(A(A)) which is closed under conjugation. We show that B separates points:
If 71,72 € A(A) with 7 # 75 then there exists a € A such that 7(a) # 72(a). But then
I'(a)(m1) = 71(a) # 12(a) = T'(a)(2). Since I'(a) € B, this shows that B separates points. By
|Corollary 3.2.10} it follows that B = C(A(A)), so I is surjective. [ |

Remark. [Theorem 4.1.12] is a classification of unital, commutative C*-algebras: They are all
of the form C(Q) for some compact Hausdorff space 2. A more general result is true, although
we will not prove it here: A (possibly non-unital) commutative C*-algebra is isomorphic to
Co(Q2) for some locally compact Hausdorff space €.

4.2 The continuous functional calculus

Let A be a unital C*-algebra. A closed *-subalgebra of A is called a C*-subalgebra of A. If
we have a unital C*-subalgebra B of A (i.e. the multiplicative identity of A is contained in
B), then we may ask the following question: If b € B has an inverse in A, is the inverse
necessarily in B? Although this property does not hold for algebra in general, it does hold for
C*-algebras, as we show in the following proposition:
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Proposition 4.2.1. Let A be a unital C*-algebra, and let B be a unital C*-subalgebra of A.
Then if b € B is invertible as an element of A, i.e. there exists a € A such that ab=ba =1,
then a € B.

Proof. For x € B, denote by spg(z) the spectrum of x as an element of b, i.e. the set of A € C
such that x — Al does not have an inverse in B.
Assume first that b is self-adjoint. For each n € N, set

b, =b——~1¢ B.
n

Then by the Spectral Mapping Theorem for polynomials (Proposition 3.3.11)) we get

spp(be) = {A—i/n: A € spp(b)}.

Since b is self-adjoint, spg(b) € R by [Proposition 4.1.9) Thus, by the above equation, 0 ¢
spp(by) for each n € N, so each b, has an inverse in B. By continuity of taking inverses
(Proposition 3.3.4), we have that (b, !),eny — b~'. Since b;! € B for each n € N and B is
closed, it follows that b~ ! € B.

Next, let b € B be a general element which has an inverse in A. Then b* is invertible as
well by [Observation 4.1.5] so b*b has an inverse in A. Since b*b is self-adjoint, the inverse of
b*b is in B by what we already proved. But then

bt =0vt0") "t = (b*b) ' € B.

This finishes the proof. |

Remark. As a consequence, we obtain in the setting of |[Proposition 4.2.1]

spp(b) = spa(b)

for every b € B, where spg(b) (resp. spy(b)) is the spectrum of b as an element of B (resp. of
A).

Given an element a € A, we wish to consider the unital C*-subalgebra C*(a) generated by
a, i.e. the least unital C*-subalgebra of A that contains a. We can describe this C*-subalgebra
as the intersection of all unital C*-subalgebras of A that contain a (here we use the fact that
intersections of x-algebras are x-algebras, and that intersections of closed sets are closed).

When a is normal, we can obtain a simple description of a. Note that a product of any finite
number of copies of a’s and a*’s should be in C*(a). Since a and a* commute, we can collect
powers in such a product, and represent it as a”*(a*)™ for positive integers m and n. Complex
linear combinations of such products are exactly of the form p(a,a*), where p(z,y) € Clx, 1]
is a complex polynomial in two variables z and y. One verifies that {p(z,y) : z,y € C[z,y]}
is a *-subalgebra of A, and that its closure is equal to C*(a). From this it also follows that
C*(a) is commutative.

Theorem 4.2.2 (Continuous Functional Calculus). Let A be a unital C*-algebra, and let
a € A be normal. Then there exists a unique bounded unital x-homomorphism

C(sp(a)) = A,
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= fla),

such that t(a) = a, where v is the inclusion of sp(a) into C. Moreover, the homomorphism has
the following properties:

(a) It is isometric, i.e. ||f(a)| = || f|loo for every f € C(sp(a)),
(b) the image of the map C(sp(a)) — A is exactly the C*-subalgebra of A generated by a.

Proof. We begin by showing existence. Let B = C*(a), the unital C*-subalgebra generated
by a. Since a is normal, B is commutative, so we consider the character space A(B). By
[Proposition 3.4.8| (b), spg(a) = {7(a) : 7 € A(B)}. By |[Proposition 4.2.1} spg(a) = spy(a)
(we denote the latter simply by sp(a)). Thus, we can define a map h: A(B) — sp(a) by
h(7) = 7(a) which is surjective. We will show that h is a homeomorphism.

Since the topology on A(B) is that of pointwise convergence, h is continuous. Furthermore,
suppose h(11) = h(me) for 71,72 € A(B), then 7(a) = m2(a). By [Theorem 4.1.12] every
character is a *-homomorphism, so 71(a*) = 7i(a) = ™(a) = 72(a*) as well. Since 71 and 7
agree on the generating set {a,a*} of A, it follows that 71 = 7o. This shows that h is injective.
We have now shown that h is a continuous bijection between compact Hausdorff spaces, so it
follows from the usual topological argument that A must be a homeomorphism.

We consider now the Gelfand transform I': B — C(A(B)) of B. By [Theorem 4.1.12) T'
is an isometric *-isomorphism, so its inverse is also an isometric *-isomorphism. Denote by
¢: C(sp(a)) = C(A(B)) the map given by ¢(f) = foh. By an exercise, ¢ is a unital isometric
*-isomorphism since h is a homeomorphism. We thus have a map ¢: C(sp(a)) — B given by
the composition I'"! o ¢ which is a unital isometric *-isomorphism. Furthermore, the function
toh: A(B) — Cis given by (toh)(7) = t(7(a)) = 7(a) for 7 € A(B). Hence to h =T'(a), so
¥(t) = T~ o h) = a. This proves the existence of a unital *-homomorphism C(sp(a)) — A
such that ¢ — a, and also shows that it is necessarily isometric and that its image is B.

Finally, we show uniqueness. Suppose 91,15: C(sp(a)) — A are two #-homomorphisms
such that 11 (¢) = 12(1). Since ¢ separates the points of sp(a), the C*-subalgebra generated by
¢ is all of C(sp(a)). Therefore, since 11,19 are *-homomorphisms that agree on ¢, they must
agree on all of C'(sp(a)). [ |

Example 4.2.3 (Diagonal operators). Let H be a separable, infinite-dimensional Hilbert space
with orthonormal basis (ej)nen. Let (An)nen be a bounded sequence of complex numbers.
Then we can define an operator D € B(H) by

De,, = \,e,, for n € N.

Then each A, is an eigenvalue for D, so Cl{\, : n € N} C sp(D). On the other hand, if
A ¢ Cl{\, : n € N}, then |[A — \,| > ¢ > 0 for all n € N. Hence the sequence (1/(A, — A))nen
is bounded, so Re, = (A, — )\)_len defines a bounded linear operator which is the inverse of
D — AI. This shows that sp(D) = Cl{\,, : n € N}.

One checks that D* is determined by D*e,, = A\, e,. The operator D*D is then determined
by D*De,, = |\y|*en, which shows that D is normal. Given f € C(sp(D)), we can now ask:
What is f(D)? We claim that f(D) is determined by

f(D)ey, = f(An)en forn e N.
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To show this, we observe first that since f is continuous and (), is bounded, the sequence
(f(An))n is also bounded, so we can define an operator Dy by Dyre, = f(Ay)en. One now
checks that the map C(sp(D)) — B(H), f — Dy is a unital *-homomorphism. Furthermore,
D,ep, = t(An)en = Apen = Dey, so we have Dy = f(D) by uniqueness of the continuous
functional calculus.

Proposition 4.2.4 (Spectral Mapping Theorem). Let a be a normal element in a unital
C*-algebra A, and let f € C(sp(a)). Then

sp(f(a)) = f(sp(a)).
Proof. We use the fact that C(sp(a)) = B = C*(a), f — f(a) is an isometric *-isomorphism:
sp(f(a)) = spp(f(a)) = sPc(sp(a)) (f) = f(sp(a)).
|

Proposition 4.2.5. Let a be a normal element in a unital C*-algebra A. If f € C(sp(a)) and
g € C(sp(f(a))), then

(90 f)(a) = g(f(a)).
Proof. Exercise. |

Proposition 4.2.6. Let A be a unital C*-algebra, and let a € A be normal. Then the following
hold:

(a) a is unitary if and only if sp(a) C T.

(b) a is self-adjoint if and only if sp(a) C R.

Proof. We have already shown the forward impliations in [Proposition 4.1.9] Let a € A be
normal, and let « € C(sp(a)) be the inclusion sp(a) — C. Then * is given by (*(z) = Z for
z € sp(a). Since C(sp(a)) — A, f +— f(a) is a x-homomorphism with ¢(a) = a, we have that
t*(a) = t(a)* = a™.

(a): If sp(a) C T, then

(L-M)z)=uz)"(z)=2z=1

for all z € sp(a), so ¢-* = 1. It follows that

Since a is normal, we also have that a*a = 1, so a is unitary.

(b): If sp(a) C R, then
(2) =Z=2z=1(z) forall z € sp(a),

so ¢* = ¢. It then follows that a* = t*(a) = t(a) = a. [ |
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Example 4.2.7. Let a be a normal element of a unital C*-algebra, and suppose sp(a) is
disconnected: Specifically, let C' be a subset of sp(a) which is both open and closed, and not
equal to 0 or sp(a). Then the indicator function 1 is continuous on sp(a), so we can define
p = Ig(a). Since 1¢ is real-valued, p is self-adjoint. Furthermore, ]120 = 1¢, so p?> =p. We
call elements satisfying p* = p = p? orthogonal projections. In any C*-algebra, 0 and 1 are
orthogonal projections. Since C' is neither () nor sp(a), 1¢ is neither 0 nor 1, so p is neither 0
nor 1.

As a particular example, consider the C*-algebra Mat,,(C) of complex n x n matrices. Let
M € Mat,,(C) be a normal matrix. Let sp(M) = {A1,...,Ax}, where k < n. Here, each {\;}
is clopen, so the functions f; = 1y,,} are continuous on sp(M). Note also that Zle fi =1,

fifj=0if i # j and Zle Xifi = 1. Now set

P = fi(M).

By the continuous functional calculus, we have that P,P; = 0 for ¢ # j, > /" | P; = I and
S0 AP = M.

4.3 Positivity

Definition 4.3.1. Let A be a unital C*-algebra. A self-adjoint element a € A is called positive
if sp(a) C [0,00). We write a > 0 to indicate this. We write A4 for the subset of positive
elements of A.

Example 4.3.2. (a) Consider the C*-algebra C. For z € C we have that sp(z) = {z}, so z
is positive if and only if z is a nonnegative number.

(b) Consider the C*-algebra C(Q) for a compact Hausdorff space €2, and let f € C(Q).
Since sp(f) = Im(f), we have that f is positive precisely when Im(f) C [0, c0), i.e. when
f(t) >0 forallt € Q.

Proposition 4.3.3. Let A be a unital C*-algebra and let a € A. Then the following are
equivalent:

(a) a is positive.
(b) a = b? for some self-adjoint b € A.

Moreover, if a is positive, then there exists a unique positive b € A such that b*> = a, and we
write b = a'/?.

Proof. (a) = (b): Suppose a is positive. Since sp(a) C [0,00), we can define a function
f: sp(a) = C by f(z) = 2//2. Then f2(z) = f(2)? = z = 1(2), i.e. f> =1. We also have
that f* = f. Set b = f(a) according to the continuous functional calculus. Then b is self-
adjoint, since b* = f(a)* = f*(a) = f(a) = b. Furthermore, by the spectral mapping theorem
(Proposition 4.2.4) we get

sp(b) = f(sp(a)) = {A'/* 1 X € sp(a)} € [0, 00),
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so b is in fact positive. Finally

b’ = f(a)* = f*(a) = 1(a) = a.

(b) = (a): Suppose a = b? for some self-adjoint b € A. Then sp(a) = sp(b?) = {\? : X € sp(b)}.
Since b is self-adjoint, sp(b) C R, so sp(a) C [0, c0).

As we saw above, if a is positive, we can find a positive b € A such that b?> = @, namely
b= f(a). Suppose now that c is positive and ¢? = a. Since ¢ commutes with a and b € C*(a),
¢ must commute with b. Let B be the unital C*-algebra generated by b and ¢, which is
commutative. Let I': B — C(A(B)) be the Gelfand transform of B. Then I'(b)? = I'(?) =
['(c?) = I'(c)%. Since b and c are positive, I'(b) and I'(c) are functions on A(B) that take
nonnegative values. It follows that I'(b) = T'(¢), so b = ¢ by injectivity of the Gelfand
transform. |

Proposition 4.3.4. Suppose a and b are positive elements of a unital C*-algebra A. Then
a + b is positive.

Proof. Let a and b be positive elements of A. If A € sp(a), then A > 0, so A < ||a|| < ||a|| + A
Hence 0 < |la|| = A < |la||, so by normality of a — ||a||1 and the spectral mapping theorem for
polynomials we get

la—llallll =r(a—llalll) = sup |[A—al[= sup ([a] —A) <all.
A€sp(a) Aéesp(a)

Similarly ||b— [|b]|1|| < ||b]|. Now if X € sp(a+b), then XA — ||a|| — ||b]| € sp(a+b— (||a]|+ ||b]))1),
S0

(A= llall = bl < [(a +b) = (llall + [[oI1]
< [la = flafltf + 16— b[1]
< [laff + o

But then A — ||a|| — ||b]| > —]la]| — ||b]|, so A > 0. This proves that sp(a + b) C [0,00), so a+b
is positive. |

We define two functions fi, f-: R — C by

toift>0, 0 ift>0,
) = = (1) = =
f+(t) {0 ift <0 f- () {—t ift<0

Let ¢: R — C denote the function «(t) = ¢ for t € R. Note that ¢ = f — f_, f+f- =0 and
that abs = fi + f_, where abs(t) = |t|.

Definition 4.3.5. Let A be a unital C*-algebra, and let a € A be self-adjoint. We then define
at = f+(a),

0 =f (a),
la| = abs(a).
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Remark. Note that since a is self-adjoint, sp(a) C R, so the definitions in [Definition 4.3.5|
make sense since fi, f_ and abs are defined on R. By the continuous functional calculus,
a4, a— and |a| are positive elements of A since f, f_ and the absolute value function are

nonnegative.
From the continuous functional calculus, we get the following identities for a self-adjoint:

a=ay —a_,
lal =ay +a_ = (@),

ara_ = 0.
Lemma 4.3.6. Let A be a unital algebra and let a,b € A. Then 1 — ab is invertible if and
only 1 — ba is invertible, and consequently

sp(ab) \ {0} = sp(ba) \ {0}.
Proof. Exercise. |

Proposition 4.3.7. An element a of a unital C*-algebra is positive if and only if a = b*b for
some b e A.

Proof. If a is positive, then by [Proposition 4.3.3| we can find a self-adjoint b such that b = a.
Hence b*b = b? = a.

To prove the converse, we show first that if b € A and —b*b is positive, then b = 0. By
Lemma 4.3.6} if —b*b is positive, then —bb* is positive. Write b = ¢ + id where ¢ and d are
self-adjoint as in [Observation 4.1.11l Then b*b + bb* = 2¢? + 2d?, so

b*b = (2¢2 + 2d?) + (—bb*)

which is positive by |Proposition 4.3.3| and [Proposition 4.3.4, Hence both b*b and —b*b are
positive, so sp(b*b) C [0,00) N (—00,0] = {0}. Since b*b is normal, this implies ||b]|? = ||b*b|| =
r(b*b) =0, i.e. b= 0.

Let now b € A be general and set a = b*b. Then a is self-adjoint, so we can write

a = ay —a_ where a; and a_ are positive and a;a_ = a_ay = 0 as in [Definition 4.3.5] Set
c=ba_. Then
—c*c=—a*b*ba_ = —a* (ay —a_)a_ =a> € A,.
Hence, by what we already proved, we must have ¢ = 0. But then ba_ = 0, so
0=bba_ =aa_ = (ay —a_)a_ = —a>.
Thus, |ja—||*> = |la*a_| = |[e®| = 0, so a_ = 0. This shows that a = a; € A, so a is
positive. |

Definition 4.3.8. Let a be an element of a unital C*-algebra A. We then define the absolute

value of a to be

ol = (aa)!/2

If a,b € A are self-adjoint, we write a < b if b — a > 0, that is, b — a is a positive element.

Proposition 4.3.9. The following hold in a unital C*-algebra A:
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(a) If a,b,c € A are self-adjoint and a < b, then a+ ¢ < b+ c.

(b) If a,b € A be self-adjoint, a < b and ¢ € A, then c*ac < c*be.

(c) If a and b are positive and a < b, then ||al| < ||b].

(d) If a is positive, then a < |la|1.

(e) If a and b are positive and invertible, and a < b, then b= < a~ 1.

Proof. Exercise. |

4.4 Partial isometries and polar decomposition

Proposition 4.4.1. Let u be an element of a unital C*-algebra A. Then the following are
equivalent:

(a) uw = uu*u.

(b) u* = u*uu*.

(c) u*u is an orthogonal projection.
(d) uu* is an orthogonal projection.

Proof. (a) < (b): If u = uu*u, then by conjugating both sides we get u* = u*uu*. Conversely,
if we start with v* = v*uu*, then we conjugate again and get back to u = uu*u.
(b) = (¢): If u* = vw*uu*, then

(u*u)? = v uu*u = u*u.

Since u*u is self-adjoint, this shows that u*u is an orthogonal projection.
(¢) = (a): Suppose that p = u*u is an orthogonal projection. Set a = uu*u — u. Then

aa=p —p>—p*+p=0.

Hence |la*al| = 0, so ||a||? = ||a*al| = 0. This shows that vu*u = u.
(b) & (d): This follows from the equivalence of (a) and (¢) by interchanging v with «*. W

Definition 4.4.2. We call an element in a unital C*-algebra A satisfying any of the equivalent
conditions in [Proposition 4.4.1| a partial isometry.

Note that u is a partial isometry if and only if ©* is a partial isometry from the first two
conditions of [Proposition 4.4.1|

We will now characterize partial isometries in the C*-algebra B(H), where H is a Hilbert
space. This characterization explains the name partial isometry.

Proposition 4.4.3. Let H be a Hilbert space and let U € B(H). Then the following are
equivalent:

(a) U is a partial isometry in B(H ).
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(b) There exists a closed subspace M of H such that U|yr is an isometry and Uy = 0.

Furthermore, if U is a partial isometry, then U has closed range, the above subspace M is
uniquely determined and equals (Ker U)L, and U*U is the orthogonal projection onto M, while
UU* is the orthogonal projection onto N = U(M).

Proof. Suppose that U is a partial isometry. By |Proposition 4.4.1| (¢), P = U*U is an orthog-
onal projection. Set M = Im P, which is a closed subspace of H. Let x € M, so that Px = .
Then by [Proposition 4.4.1| (d), we get

|Uz|]* = Uz, Uz) = (U Uz, z) = (z,2) = ||z[*
This shows that U]y is an isometry. On the other hand, if x € M L = Ker P, then
|Uz||* = (U*Uz,z) = 0,

so Ul = 0.
Conversely, suppose that there exists a closed subspace M of H such that Ulys is an
isometry and U|,,;. = 0. Let P be the orthogonal projection onto M. If x € M, then

(U*Uz,x) = |Uz|? = ||z|* = (P, z).
On the other hand, if z € M, then

(U*Uz,z) = (U*0,z) = 0 = (Px,z).

Thus, (U*Uz,z) = (Pz,x) for all + € H, so U'U = P. By |Proposition 4.4.1| (c), this
shows that U is a partial isometry, and that U*U is the orthogonal projection onto M. Since
KerU = KerU*U = Ker P = M*, we get M = (Ker U)*, which shows that M is uniquely
determined.

We leave the proof that U has closed range as an exercise. Because of this, N = U(H) =
U(M) is closed. Set Q@ = UU*. If y € H, then Q(Uy) = (UU*)Uy = (UU*U)y = Uy, so
N CIm@Q. Conversely, if z € ImQ, then UU*x = x. If y € Ker U*, then

(z,y) = (UU z,y) = (U'z,U"y) = 0.

Consequently = € (Ker U*)+ = U(H) = N. This shows that UU* is the orthogonal projection
onto N. |

Let U be a partial isometry. We call M = U*U(H) the initial space of U, and N = UU*(H)
the final space of U. From|Proposition 4.4.3] we have that U]y is an isometry, while U|,;1 = 0.
Thus, the restricted and corestricted map U|pr: M — N is unitary. Conversely, if V: M — N
is a unitary map, we can extend it to a partial isometry V: H — H with initial space M and
final space N by setting

If U is a partial isometry on H with initial space M and final space IV, then U* is a partial
isometry with initial space IV and final space M: Indeed, the projection onto the initial space
of U* is (U*)*U* = UU*, which is exactly the projection onto the final space of U, and
similarly for the final space of U*.
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Theorem 4.4.4 (Polar decomposition). Let H be a Hilbert space, and let T € B(H).
(a) There is a unique positive operator P € B(H) such that
|Tz|| = ||Pz| forallxe€ H,
and this operator is P = |T|.
(b) There is a unique partial isometry U € B(H) such that
T=U|T| and KerU = KerT,

The initial space of U is (Ker T)* and the final space of U is Cl(ImT).

Proof. (a): First, we note that
I1T)e|* = (| T1"|T|e, ) = (T*Tw,z) = | Tz|?

for any x € H. This shows that |T'| has the required property. We now show uniqueness:
Suppose S € B(H), S > 0, and ||Sz| = ||Tz| for all x € H. Then

($%z,z) = ||Sz||* = ||Tz|* = (T*Tx,x)

for all x € H. Thus S? = T*T. Since S? is positive, S is its unique square root, so S = |T).
(b): To begin with, suppose z,z’ € H are such that |T'|x = |T|2’. Then |T|(x — ') = 0, so
by what (a) we get ||[Tax — Ta'|| = |||T|(x — 2)|| = 0, i.e., Tw = Ta’. This shows that the map
Up: Im|T| — ImT given by
Uo(|T|x) =Tz forxe H

is well-defined. We leave it as an exercise to show that Uj is linear. Furthermore,
[Uo(IT|x)|| = Tz = [[|T|x]| for = € H,

which shows that Uy is an isometry. Thus, Uy extends uniquely to a linear isometry Cl(Im |T'|) — Cl(Im T),
which we also denote by Up. Set M = CI(Im|T|). Then M+ = (Im|T))* = Ker|T|* =
Ker|T| = KerT, where the last equality follows from (a). Hence we can define a partial
isometry U: H — H by
Upz if z € Cl(Im|T'),
Ux =
0 itz eKerT.

The initial space of U is then M = (Ker T')*. Moreover, we get
UlT|z =Uy|T|x =Tz forall x € H,

so U|T| = T. Furthermore, Ker U = M+ = KerT. The final space of U is U(M) = C{U|T |z :
r€H}=Cl{Tzx:xe€ H} =Cl(ImT).

Finally, we show uniqueness. Suppose V' € B(H) is a partial isometry that satisfies T' =
V|T| and KerV = KerT. Then V|T'|x = U|T|z for all x € H, so V|y = U|py. Moreover,
Vipe = V]keer = Vl|kerv = 0. Hence V = U, which proves the uniqueness part. [ |

We call the decomposition T'= U|T'| of T' € B(H) the polar decomposition of T
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Example 4.4.5. Let H = C, so that B(H) = C. If z € C then |z| = (2*2)"/? is the usual
absolute value of z. A partial isometry is a complex number w such that w*w = |w|? is a
projection, i.e., w = 0 or |w| = 1. In the latter case we can write w = ¢ for some 6 € R.
Thus, the polar decomposition of a nonzero complex number is z = €|z| for # an argument
of z.

Example 4.4.6. Let H be a finite-dimensional Hilbert space, and let T' € B(H). Let T = U|T|
be the polar decomposition of 7. Then U is a unitary map from (KerT)* to Im7. Since
H =ImT + (ImT)*, we have that dim H = dimIm 7 + dim(Im7)*. By the rank-nullity
theorem, we also have dim H = dim Im 7" 4 dim Ker 7', so dim Ker 7" = dim(Im T)L. Thus, we
can find a unitary map V: KerT — (ImT)*. Define U € B(H) by

~ Uz ifx € (KerT)*,
U(z) = .
Ve ifxeKerT.

Since U is a unitary from (Ker T)* to ImT and V is a unitary from KerT" to (Im T)*, it
follows that U is a unitary from H to H. Moreover, U|T|x = U|T|x = Tx for all z € H, so
U|T| = T. This is often referred to as a polar decomposition of T', but note that the unitary

map U is not unique unless 7' is invertible.

Proposition 4.4.7. Let T € B(H), and let T = U|T| be the polar decomposition of T. Then
the following identities hold:

Uru|T| = |T|
UUT =T
T =U|T|U*
T* = U*|T*|.

Proof. In general, we have the identity Cl(Im7") = Cl(ImTT*) for T' € B(H ). For the operator
|T|, this gives

Cl(Im |T|) = Cl(Im |T||T[*) = Cl(Im |T|?) = CYIm T*T) = Cl(Im T*).

Hence (Ker T')* = Cl(ImT*) = Cl(Im |T|), so the initial space of U equals Cl(Im |T'|). Since
U*U is the orthogonal projection onto the initial space, it follows that U*U|T'| = |T.
The rest of the identities are left as an exercise. |

4.5 Normal operators

Recall that a bounded linear operator 1" on a Hilbert space H is called normal if it is nor-
mal as an element of the C*-algebra B(H), i.e., TT* = T*T. We begin with the following
characterization of normal operators.

Proposition 4.5.1. Let T € B(H). Then the following are equivalent:
(a) T is normal.

(b) |Tz|| = || T*z]|| for all x € H.
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Proof. For x € H we have that
ITo|? = (T, Tz) = (T*Tw, ),

while
|T*z||* = (T*x, T*x) = (TT*z, x).

Thus, condition (b) is equivalent to
(T'"'Tz,z) = (TT x,x) forall z e H.
This is again equivalent to T*T = TT™, i.e., normality of T |

Let H be a Hilbert space. Recall that a bounded linear operator T" on H is called bounded
below if there exists a constant a > 0 such that

allz|| < ||Tx|| forall z € H.

Recall that T is bounded below if and only if T" is injective and has closed range. Consequently,
T is invertible if and only if 7" is bounded below and has dense range. If both 7" and T* are
bounded below, then Im 7T is closed, Ker(T) = {0} and Im(T)* = Ker(T*) = {0}; hence
Im(7T) = Cl(Im(T")) = H, so T is invertible.

Definition 4.5.2. Let T be a bounded, linear operator on a Hilbert space H. A number
A € C is called an approzimate eigenvalue of T if there exists a sequence (x,)nen of unit

vectors in H such that
lim (T — A )z, = 0.

n—oo

Remark. (a) Every eigenvalue A of T' is an approximate eigenvalue of T: Simply take a
corresponding eigenvector x of norm 1 and consider the constant sequence (x),ecn. Then
limy, oo (T — A )z = 0.

(b) Every approximate eigenvalue of 7" belongs to the spectrum of 7', as can be seen by a

contrapositive argument: If 7' — AI is invertible and (z,)nen is any sequence of unit
vectors in H, then

1= ||zl = (T = AD™HT = M)y < (T = AD)THIIT = Az,
which shows that (I" — AI)x,, cannot converge to 0 as n — oo.

Proposition 4.5.3. Let H be a Hilbert space, let T € B(H) and let A € C. Then the following
are equivalent:

(a) X €sp(T).

(b) X is an approzimate eigenvalue of T, or X is an approzimate eigenvalue of T*.
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Proof. (a) = (b): Suppose A € sp(T), so that S = AI — T is not invertible. Then either S or
S* is not bounded below: If S is not bounded below, then for every n € N we can find y,, € H
such that

1
—llynll > [[Syal-
n

Letting 2, = [|ynl|~'yn, we get ||Sx,| < 1/n for each n € N, which shows that S(z,), — 0.
Hence ) is an approximate eigenvalue for T'. Similarly, if S* = AI —T* is not bounded below,
then X is an approximate eigenvalue of T*.

(b) = (a): We have seen that an approximate eigenvalue of 7" is in the spectrum of 7". If

A is an approximate eigenvalue of 7%, then A € sp(T*) = sp(T), so A € sp(T). |

Corollary 4.5.4. Suppose T € B(H) is normal. Then every A € sp(T) is an approximate
eigenvalue of T'.

Proof. f T € B(H) is normal and A € C, then T'— A\ is normal, so by [Proposition 4.5.1| we
get

(T — MD)z| = |(T* — XI)z|| for all x € H. (4.1)

If A\ € sp(T) then by [Proposition 4.5.3| either \ is an approximate eigenvalue of T or X is an
approximate eigenvalue of T*. If ) is an approximate eigenvalue of T*, then we can find a
sequence (p)nen of unit vectors in H such that (T* — Al)z, — 0 as n — oco. By (4.1, this
implies that (T"— Al )x,, — 0 as n — o0, so in either case, A is an approximate eigenvalue of
T. |

Proposition 4.5.5. Let H be a Hilbert space, and let T € B(H). Then the following are
equivalent:

(a) T is positive (as an element of the C*-algebra B(H)).

(b) (Tx,x) >0 for allxz € H.

Proof. (a) = (b). Suppose that T is positive. By |Proposition 4.3.7, we can write T' = S*S for
some S € B(H). We then get for z € H that

(Tx,z) = (S*Sx,x) = (Sx, Sx) = ||Sz||* > 0.

(b) = (a): Suppose that (T'r,z) > 0 for all z € H. Then in particular, (T'z, z) is real, so we
get

(T*x,z) = (x,Tx) = (Tx,z) = (Tx,x).

Since this holds for all x € H, we have that 7% = T, so T is in particular normal. If A € sp(7),

then X is an approximate eigenvalue of T' by |Corollary 4.5.4] so we can find a sequence (xy, )nen
of unit vectors in H such that (T" — AI)x,, — 0 as n — oco. Then

(A = (Tn, xn)| = (AL = T)ap, xn)| <M = T)znlll|znll = [[(AM = T)zn | = 0.

Thus A = lim, oo Ty, ) > 0. Since A € sp(T) was arbitrary, we conclude that 7' is
positive. |
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From the above proposition it follows that S < T for self-adjoint operators S, T € B(H) if
and only if (Sz,z) < (Tx,z) for all z € H.

Let T be a bounded, linear operator on a Hilbert space H. We say that A € sp(T) is
isolated if there exists § > 0 such that sp(T") N Bs(\) = {A}, i.e., {\} is a clopen subset of

sp(T'). As we saw in |[Example 4.2.7, the characteristic function 1,y is then continuous on

sp(T'), so we can form the orthogonal projection P = 115, (T).

Proposition 4.5.6. Let T € B(H) be a normal operator, and suppose X € sp(T') is isolated.
Then X is an eigenvalue of T', and P = ]l{A}(T) 18 the orthogonal projection onto the eigenspace
Ker(AI —T) of A

Proof. As usual, denote by ¢ the inclusion of sp(T') into C. Consider the function (A-1—¢)- 11y}
on sp(7"). This function is identically zero on sp(7’), which implies that (Al —T")P = 0. Thus,
if Px = x, then

(M —T)x = (AN —T)(Pz) =0z =0,

which shows that Im P C Ker(A — T'). To show the reverse inclusion, we define a function
g: sp(T) — C by

(2) = A—2)"t ifz#£ ),
7= =0 if 2= A

Since A is isolated in sp(7'), ¢ is continuous. Moreover,
g-A-1—=0)=Tgmrppy =1- 1y,
so g(T)(M —T) =1— P. Hence, if x € Ker(AI — T), then (A —T)x =0, so
0=g(TY(\M —T)x=(I — P)r =x — Puz.

Hence Px = x, so z € Im P. This shows that Ker(AI —T) C Im P, so P is the orthogonal
projection onto Ker(Al —T'). Since 1,y # 0, it follows that P # 0. Hence Ker(Al —T') is not
the zero subspace, so A is an eigenvalue of T |

4.6 The Borel functional calculus
We need some results concerning sesquilinear forms.

Definition 4.6.1. Let X be a complex vector space. A sesquilinear form on X is a map
L: X x X — C which is linear in the first argument and conjugate-linear in the second, that
is,

LAz + py, z) = AL(x, 2) + pL(y, 2),
Lz, \y + p2) = AL(z,y) + iL(x, 2).

for all z,y,2z € X and A\, u € C.

Example 4.6.2. (a) If X is a complex vector space, then an inner product on V is an
example of a sesquilinear form.
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(b) If L is a sesquilinear form on X, then L*: X x X — C given by
L*(z,y) = L(y,z) forz,ye X,

is a sesquilinear form on L called the adjoint of L. We say that L is self-adjoint if
L*=1L.

Observation 4.6.3. If L is a sesquilinear form on X, then the polarization identity holds for
L just as for inner products:

3
1
Zz‘kL(az + i*y, x4+ i%y) for all z,y € X.

k=0

Consequently, if L and L’ are sesquilinear forms on X such that L(z,z) = L'(x,z) for all
x€ X, then L =1L

Definition 4.6.4. We say that a sesquilinear form L on a vector space X is bounded if there
exists C' > 0 such that
|L(z,y)| < Cllzfl[ly] for all z,y € X.

If L is bounded, we define its norm by
IL|| = sup{|L(z,y)| : z,y € H, ||z| < 1, [jy]| < 1}.

Example 4.6.5. Let H be a Hilbert space and let T € B(H). Then we can define a bounded,
sesquilinear form L7 on H by

Lp(z,y) = (Tx,y) forallz,ye€ H .
The boundedness of L follows from the Cauchy—Schwarz inequality:
\Lr(z,y)| = [(Tz, )| < | T|[|lyll < [IT][[=]]y]l
This shows that ||Lr| < ||T||. On the other hand,

1Tzl < sup [(Tz,y)| < sup  |Ly(z,y)| = || L]
lyll=1 lyll=1, =<1

This shows that || Lr|| = ||T||. Note also that L¥ = Lp«. Thus, Ly is self-adjoint if and only
if T is self-adjoint.

Proposition 4.6.6. Let H be a Hilbert space, and let L be a bounded, sesquilinear form on
H. Then there exists a unique T' € B(H) such that L = Ly.

Proof. Let y € H. Define ¢,: H — C by
¢y(z) = L(z,y) forx e H.
Then ¢, is a bounded linear functional on H, since

|y ()| = [L(z, y)| < [ILI[[[z[lly]]-
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By Riesz’ representation theorem, there exists a unique vector Sy € H such that
L(z,y) = ¢y(x) = (x,Sy) forallz e H,

with [|¢,]| = ||Sy||. We claim that the mapping H — H, y + Sy, defines a bounded linear
map on H. Indeed, for z,y,y' € H and A\, u € C we get

(z, SNy + py')) = Lz, \y + py')
= AL(x,y) + L (z,y)
= Nz, Sy) + 7(z, Sy')
= (x, \Sy + uSy').

Hence S(A\y + py') = AS(y) + uS(y'). Boundedness follows from

1Syl = lloyll = sup |L(z,y)| < [[Ll[|y]-
=<1

Letting T" be the adjoint of S, we have that
L(z,y) = (Tx,y) = Ly(z,y) forall x,y € H.
|

Given T € B(H), we denote by M (sp(T")) the complex vector space of all complex regular
Borel measures on sp(7T').

Proposition 4.6.7. Let T' € B(H) be normal and let x,y € H. Then there exists a unique
Loy € M(sp(T)) called the spectral measure of T" associated with x,y such that

(T, ) = / fditay for all f € C(sp(T)),

sp(T)

We also have that the total variation norm of fiz, satisfies ||pazyll < ||z]|/[y]l-

Proof. Let x,y € H, and define a function ¢, ,: C(sp(T)) — C by
Gy (f) = (f(T)z,y) forz,yeH.
Since f — f(T') is linear, it follows that ¢, , is linear. We also have that

|62y (DI < N[yl = I lloollz Tl

which shows that ¢, , is a bounded linear functional on C'(sp(7')), with ||¢. 4| < [|z||||y]. By
the Riesz—Markov—Kakutani representation theorem for C(sp(T))*, it follows that there exists
a unique fig,, € M(sp(T")) such that

(T)29) = 60y(0) = [

fdpa,y forall feC(sp(T)).
sp(T)

From the same theorem we also have that

lpayll = M@z yll < ll2lyll-
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Proposition 4.6.8. Let T € B(H) be normal. For x,y,z € H and \,v € C we have the
following relations of spectral measures of T':

(a) Hxz+yy,z = A,z + Viy,»-

(b) sy = tyz, where p*(B) = u(B) for Borel sets B C sp(T).
(¢c) fzz 15 @ nonnegative measure.
(d) poy(sp(T)) = (x,y). Consequently, if piy o =0, then x = 0.
Proof. For all f € C(sp(T)) we have that
[ Finesy. = @0+ ).2)
sp(T)
= Mf(T)z,y) +(f(T)z, 2)
LY IR T
sp(T) sp(T)

= / fdo‘/‘x,y + ’Y,“a:,z)-
sp(T)

This proves (a). For part (b), we have for f € C(sp(T')) that

/ fdus, = / Fduay = (D)2 )
sp(T) sp(T)
— @) ag) = @ f ) = (f(T)y, ).

To show that i, , is nonnegative, it suffices by the Riesz-Markov-Kakutani theorem to show
that ¢, , is a positive linear functional. If f € C(sp(T")) is such that f(¢) > 0 for all ¢ € sp(T),
then f(T) is a positive operator since sp(f(T)) = f(sp(T)). Hence

Gz a(f) = (f(T)x,x) =0,

SO iz z 1S @ nonnegative measure. Finally,

by (5D(T)) = / Ve = (D)2.0) = (129) = (2.0).

Thus, if p1;» = 0 then ||z|> = g (sp(T)) = 0 so z = 0. |

Let T € B(H) be a normal operator. Let By(sp(7')) denote the vector space of complex-
valued, bounded, Borel measurable functions on sp(7"). This becomes a unital, commutative
C*-algebra with respect to the usual pointwise operations and the supremum norm. The
C*-algebra C(sp(7T)) is a unital C*-subalgebra of By(sp(T)).

Theorem 4.6.9 (The Borel Functional Calculus). Let T' € B(H) be normal. Then there
exists a unique unital x-homomorphism By(sp(T')) — B(H), f — f(T), which coincides with
the continuous functional calculus when restricted to C(sp(T')) and has the following continuity
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property: Whenever (fy)nen is a sequence in By(sp(T')) with sup,cy || fnlloo < 00 that converges
pointwise to a function f € By(sp(T')), then

7111—>Ilgo fa(M)x = f(T)x forallx € H.
Moreover, the x-homomorphism has the following properties:
(a) It is bounded, with norm equal to one, i.e., || f(T)| < ||fllco for all f € By(sp(T)).
(b) If x,y € H and f € By(sp(T)), then

() = [

f dﬂx,y-
sp(T')

(c) If S € B(H) and ST =TS, then Sf(T) = f(T)S for all f € By(sp(T)).
Proof. Given f € By(sp(T')), we define a function L: H x H — C by
L(z,y) = / fdpg, forz,ye H.
sp(T)

We will show that L is bounded, sesquilinear form. Sesquilinearity follows at once from
[Proposition 4.6.8| (a) and (b). Also, by [Proposition 4.6.8| (d), we get

|L(z,y)| < / o |fl ]yl <z gyl SPTN I f lloo = Nyl oo < NzlHy N flloo-
sp

Hence ||L|| < ||fl|loos so L is bounded. It follows from [Proposition 4.6.6 that there exists a
unique f(7') € B(H) such that

(f(T)x,y) = L(z,y) = / fdpg,y forallz,ye H.
sp(T)

We also get || f(T)|| = ||L|| < ||fllco- Note that by [Proposition 4.6.7, the map By(sp(T)) —
B(H), f — f(T), extends the continuous functional calculus.

We show that the map By(sp(T)) — B(H), f — f(T), is a x-homomorphism. For linearity,
let f,g € Bp(sp(T')) and A,y € C. Then

(M +79)(T)e y) = / O +90) iy

A [ Fdya [ g,
sp(T) sp(T)

= Mf(T)z,y) +v(g(T)z,y)
= ((M(T) +79(T))z,y).

Since this holds for all x,y € H, we conclude that (A\f + ~vg)(T) = Af(T) + vg(T).
Next, we show that f +— f(7T') is x-preserving: If z,y € H and f € By(sp(T)), then

F(T)z,y) = / Py

sp(T')
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Since z,y € H were arbitrary, we conclude that f(T) = f(T)*.

We now show multiplicativity, which is more involved. Let z,y € H and f,g € By(sp(T)).
If f and g are both continuous, then we know that (fg)(T) = f(T)g(T') since the continuous
functional calculus is multiplicative. In terms of spectral measures, we get

/ 9 d(fHtny) = / F9dpiny = (f9)(T)z,v)
sp(T) sp(T)

= {(f(T)g(T)x,y) = (9(T)z, f(T)"y)

= / gdux,f(T)*y-
sp(T)

Hence g1, f(7y=y = fiizy. But then for any g € By(sp(1')) we get

(F9)(T)z,y) = /

Fodia, — / 94t gz = F(T)g(T)z,y).
sp(T) sp(T)

Hence (fg)(T) = f(T)g(T) for all f € C(sp(T")) and g € By(sp(T)). If instead f € By(sp(T))
and g € C(sp(T)), we get

(fo)(T) = (fo) (D)™ = (f9(T))" = (@/)(T)" = (G(T)[(T))" = f(T)g(T).

As we have already seen, this can be expressed in terms of spectral measures as fi,, =
Ha, f(T)+y- But this time f € By(sp(T')), so if g € By(sp(T)) we get

(F9)(T)z,y) = /

gdfiey =/ 9 by pryy = (f(T)g(T)x,y).
sp(T) sp(T)

Hence (fg)(T) = f(T')g(T) for all f,g € By(sp(T)).

To show the continuity property, let (f,)neny be a sequence converging to f as in the
theorem. We have that

[fo = 12 < (Ufal +1£D? < (Sgg\lanoo + 1 flls)? < o0.

This shows that the sequence of functions (f, — f)nen is uniformly bounded. Since each
measure [, , is finite, we can use the dominated convergence theorem as follows:

i ([fu(T)z — F(D)al = lim ([fa(T) = F(T)Pw,2) = im [ |fy— f dps, = 0.

n—oo Sp(T)

Hence limy, o0 fr(T)z = f(T)x for all z € H.
The uniqueness and (c) will be given as an exercise. [ |
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4.7 Projection-valued measures

Proposition 4.7.1. Let T € B(H) be normal, and denote by B the o-algebra of Borel sets of
sp(T). Define a function P: B — B(H) given by

P(B)=1p(T) for B € B.
Then P satisfies the following properties:
(a) P(B) is an orthogonal projection for all B € B.
(b) P(®) =0 and P(sp(T)) = 1.
(¢) P(BN B') = P(B)P(B’) for all Borel sets B, B' € B.

(d) If (Bp)nen is a sequence of pairwise disjoint sets in B, then

P( U Bn>x =S P(B.)z forallzeH.

neN neN

(e) (P(B)z,y) = piay(B) for all B € B and x,y € H, where i, is the spectral measure of
T associated with x and y.

Proof. (a): This follows from applying the Borel functional calculus and the identities 1%, = 15
and 1123 =15.
(b): Since Ty = 0 and g,y = 1, we get P(§) = 0(T) = 0 and P(sp(T)) = 1(T) = 1.
(C)Z Since ﬂBﬂB/ = HBHB’, we get
P(B ﬂB/) =lpnp(T) = (1plp)(T) = ]lB(T)]lB/(T) = P(B)P(B/)
(d): Set A = U,enyAn and f, = >°p_, 1p, for each n € N. Then (f,)nen converges

pointwise to 14. Since the sets (By,), are pairwise disjoint, |f,| < 1 for all n € N. We can

thus use the continuity property of to conclude that
n
lim» " 1p,(T) = lim f,(T)z = f(T)z = 15(T)x for all z € H.
n n
k=1
(e): If z,y € H, then

(P(B)z,y) = (Lp(T)z,y) = / 1 Ajtay = iy (B).

Definition 4.7.2. The map P: B — B(H) in[Proposition 4.7.1|is called the projection-valued
measure of T.
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Given T € B(H) normal with associated projection-valued measure P, a common notation
is to write

S

f(r) = / o fdP = / z)dP(z) for f € By(sp(T)).

With this notation, we get the formulas

T:/ LdP:/ zdP(z)
sp(T) sp(T)

I = / 1dP.
sp(T)

Compare with the formulas for a normal matrix in

We can use P to describe the spectrum and the eigenvalues of T*:

Proposition 4.7.3. Let T € B(H) be normal, and let P be the projection-valued measure of
T. Given A € C, the following hold:

(a) A €sp(T) if and only if P(Be(A) Nsp(T)) # 0 for all e > 0.
(b) X is an eigenvalue of T if and only if P({\}) # 0.

Proof. We prove (b) and leave (a) as an exercise. Let A be an eigenvalue of T'. For each n € N,
set B, ={z€sp(T):|z— Al >1/n}. Then

U B =sp(T) \ {A}.

neN

Let f,(2) = (z = A\)"!'1g,(2). Then f,, € By(sp(T)) for each n € N. Since f,,- (¢t — A1) = 1g,,
it follows that

P(Ep) = 1g,(T) = fu(T)(T — AI).
Hence, if € Ker(T'— M), then P(E,)x = 0. Since E,, C E,4 for each n and (J,, E,,

sp(T) \ {\}, continuity of measure gives

— P({A})z = P(sp(T) \ {A})z = lim P(E,)z =0

n—oo

for x an eigenvector of T' corresponding to A\. Thus x = P({\})z, so P({\}) # 0 since = # 0.
Conversely, suppose P({\}) # 0. Then there exists x # 0 such that P({\})z = z, so

Tz =TP({A})z = (1) (T)x = Al (T)z = AP({A\})z = Ax.

Hence z is an eigenvalue of T'. In fact, we have shown that P({\}) is the projection onto the
eigenspace of A. [ ]

Proposition 4.7.4. Let H be a Hilbert space. Then the linear span of the set of all the
orthogonal projections in B(H) is dense in B(H ).
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Proof. Let T € B(H). We want to approximate 7" with a linear combination of projections.
Since we can write T' = Re(T') + i Im(T") where Re(T") and Im(7") are self-adjoint (in particular
normal), it suffices to find an approximation in the case where 7' is normal. So we assume
that T is normal and let € > 0. Let ¢ denote the inclusion sp(7') — C. Since ¢ € By(sp(T)),
we can find a simple function f € By(sp(T)) such that ||t — f|c < €. We can assume that f

is of the form .
/= Z AL,
j=1

where \; € C and B; C sp(T') is Borel for each j, with B; N By, = ) for j # k and U?Zl B; =
sp(T). Set P; = P;(B;). Then

7= S AR = 16— H@N < - Fle <
j=1

This finishes the proof. |






Chapter 5

Operators on Hilbert spaces

5.1 The trace

For a complex n X n matrix
my1 - Migp

the trace is defined as the sum of the diagonal entries: m1 1 + ---my ,. Alternatively, we can
describe the trace as follows: Let {ei,...,e,} be the standard basis. Then for 1 <i,j < n,
we have that m; ; = (Me;, ej). Hence

n

tr(M) =Y (Mej, e;).

j=1
This motivates the following definition:

Definition 5.1.1. Let H be a Hilbert space, and choose an orthonormal basis (e;);cs for H.
We define the trace of a positive operator T' € B(H) to be the number

tr(T) =Y (Tej,e5).

jedJ

Remark. Note that because T is positive, the numbers (T'e;, e;) are nonnegative, which makes
the sum appearing in the definition of tr(7") a well-defined, possibly infinite number. We will
eventually extend it to a suitable class of operators known as the trace class operators. We
will also very soon see that the definition does not depend on the choice of orthonormal basis.

Proposition 5.1.2. If T € B(H), then
tr(T*T) = te(TT™).
Proof. First, using Parseval’s identity we get for all i € J that

(T*Tei,ei) = |Teil|* = D [(Tei e5)
JjeJ

81



82 CHAPTER 5. OPERATORS ON HILBERT SPACES

On the other hand, for j € J we get

(TT*ej, e;) = | T%ej]|> =Y [(T™ej, e5)]”
ieJ

Now [(Te;,e;)* = |(ei, T*e;)|> = |[(T*ej, e;)|? for all 4,5 € J. This gives us

tr(TT™) = Z TT"ej, e;) ZZ\ T ej, €]

jeJ jed ied
=3 Tei,e5)* =D (T*Tey, e5) = te(T*T).
ieJ jeJ 1€J

Corollary 5.1.3. Let T € B(H)y and let U € B(H) be unitary. Then
tr(UTU™) = tx(T).

In particular, the definition of the trace does not depend on the chosen orthonormal basis.

Proof. Using [Proposition 5.1.2] and the existence of the square root of the positive operator
T, we get

tr(UTU*) — tr(UTl/2Tl/2U*> — tr((UT1/2)(UT1/2)*)
= tr((UTY?)*(UTY?)) = tr(TV2U*UTY?) = t2(T).

Given the orthonormal basis (e;);je.s through which the trace is defined, any other orthonormal
basis for H is of the form (Ue;);es for some unitary U € B(H). Hence

> (T(Ue;),Uej) = > (U TUe;, e5) = tr(U*TU) = tx(T).
jeJ jeJ
This shows that the definition of the trace is independent of the chosen orthonormal basis. W

The class of Hilbert—Schmidt operators were introduced in MAT4400, but we state the
definition here:

Definition 5.1.4. An operator T' € B(H) is called Hilbert-Schmidt if

tr(T*T) = > (T*Tejej) = Y [[Tej|? < oc.

jeJ jeJ
We denote by HS(H) the set of Hilbert—Schmidt operators on H.

We denote by F(H) the finite-rank operators on H, i.e., the operators T € B(H) such that
Im(T') is finite-dimensional. Recall that CI(F(H)) = K(H), the compact operators on H.

Proposition 5.1.5. The following hold for the Hilbert—Schmidt operators on a Hilbert space
H:

(a) HS(H) is a linear subspace of KK(H) which contains F(H).
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(b) HS(H) is a Hilbert space with respect to the inner product
(T, Sy =tr(S*T) for S, T € HS(H),
and the induced Hilbert—Schmidt norm is given by

T2 = tx(T*T)/2.

(¢c) HS(H) is a x-closed (two-sided) ideal in B(H), with

15T [l2 < IS2lIT1l, ITSll2 < T[Sz,
[15% 12 = 11512, IST < 115112

for S € HS(H) and T € B(H).
Proof. This was all done in MAT4400, so we leave it as an exercise to refresh on the proofs. W
Definition 5.1.6. An operator T' € B(H) is called trace class if
tr(|7]) < oo.
We denote by TC(H) the set of trace class operators on H.
We need the following technical but important lemma:

Lemma 5.1.7. Let T € B(H). The following are equivalent:

(a) T € TC(H).

(b) There exist R, S € HS(H) such that T = RS.

(¢) M} = sup { > [(Tej, fi)] : (e5)5, (f5); are orthonormal sequences in H} < 00.
Moreover, if T € TC(H), then

tr(|T)) = My = My .= inf{||R||2||S]]2 : R, S € HS(H) and T = RS}.

Proof. (a) = (b): Let T € TC(H). Let T = U|T| be the polar decomposition of T'. Set
R = U|T|Y? and S = |T|'/2. Then §*S = 5% = [T}, so tr(S*S) = tr(|T|) < oo. Thus
S e HS(H),so R e HS(H) as well. We also get

IRI2IIS 12 = 10Tl T2 |2 < NUINTE 21T )2 = 1171213 = (1T

This shows that Mp < tr(|T)).
(b) = (c): Write T' = RS for some R,S € HS(H). Let (e;); and (f;); be orthonormal
sequences in H. Then

Z [(Tej, f5)] = Z [(Sej, B f5)

<> ISe; IR £
J
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/ /
< (Slsel?) " (S pi?)
J J
< ISR 2 = 1S 2Rl

Taking the supremum over all pairs of orthonormal sequences in H, we get M7 < ||R|2]|S2-
Since R and S were general, it follows that M/}, < My.

(¢) = (a): Assume that M} < oco. Let (e;); be an orthonormal basis for Cl(Im |T).
Let T = U|T| be the polar decomposition of 7. Then |T'| = U*T by [Proposition 4.4.7
Since U is a partial isometry with initial space equal to Cl(Im|7’|) and final space equal to
Cl(ImT), it follows that (Ue;);cs is an orthonormal basis for Cl(ImT’). Moreover, if we
enlarge (ej); to an orthonormal basis (fx)r, then the new terms will form an orthonormal
basis for (Cl(Im |T'|))* = Ker |T|. Hence

ITI = (T ks fi) =D (Tlej,e) =Y (Tej, Ues) < M.

k J J

In particular, tr(|7T]) < oo.
We have now shown that (a), (b) and (c¢) are equivalent, and that if any of them hold, then
tr(|7|) < My < M/ < tr(|T]). This finishes the proof. |

Theorem 5.1.8. TC(H) is a x-closed ideal of B(H), and
|T|l1 =tx(|T|) for T € TC(H)

defines a norm on TC(H) turning it into a Banach space. For T € TC(H) and S € B(H) we
have

IS < T[T, IST(|y < [ISTHIT I,
1Tl = 1T, ITll2 < IT1[x-

Finally, we have the following inclusions:
F(H)CTC(H) CHS(H)CK(H)CB(H).

Proof. To begin with, we show that TC(H) is a linear subspace of B(H) and that || - ||; is a
norm on 7C(H). Let T, S € TC(H) and A € C. Let (ej); and (f;); be orthonormal sequences
in H. Then

SIS +T)es) £ < D2 I(Ses, )1+ D KTy, £ < M+ M.

Taking the supremum over all orthonormal sequences (e;); and (f;);, we get by [Lemma 5.1.7
that
IS+ Ty = Mg g < Mg+ Mz = |[S]l1 + [Tl

In particular, S+ 7T € TC(H). It is easy to check that |\T'||; = |A|||T]|1. Finally, if ||T||; = 0,
then
=tr(IT) =) (ITlejre;) Z [P ARECA IR

J
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Hence |||T|"/%¢;|| = 0 for each j, so |T|'/? = 0. This implies that 7 = 0. This proves that
| - |l1 is a norm on TC(H).

Next, we show that TC(H) is x-closed, and that ||T*|y = ||T||y for all T € TC(H): Let
T € TC(H), let (ej) and (fj); be orthonormal sequences in H, and notice that

DU )l =D e, ThH)l = DT fi e5)] < My < oo
j j i

It follows that M/, < M., so in particular 7% € TC(H). Repeating the argument with
T = (T%)*, we get My, < Mp., so [Ty = Mp = Mp. = ||T*||x.

We now show that 7C(H) is an ideal of B(H): Let T' € TC(H) and S € B(H). By
Lemma 5.1.7) we can write 7 = RR' for R, R’ € HS(H). Since HS(H) is an ideal of B(H),
R'S,SR € HS(H), so TS = R(R'S) € TC(H) and ST = (SR)R' € TC(H). Moreover, by
[Proposition 5.1.5 we get

Mrs < ||R[2[|R'S]l2 < | Rl2l|R'[|2]lS]-
Taking the infimum over all R, R’ € HS(H) such that T'= RR/, we obtain
ITS]ly = Mrs < Mr||S|| = [[T[l1[[S]-

The proof that ||ST|j1 < [|S||||T]]1 is analogous.

By [Lemma 5.1.7] every trace class operator can be written as a composition of two Hilbert—
Schmidt operators. Since HS(H) is an ideal of B(H), we get TC(H) C HS(H). In particular,
trace class operators are compact. Let T € TC(H). Then |T| € TC(H), since we can
write |T'| = U*T where T = U|T)| is the polar decomposition of T'. Hence |T'| is a compact,
positive operator. By the spectral theorem for compact operators, we can find an orthonormal
basis (e;)jes for H consisting of eigenvectors for |T'|: There are countably many nonnegative
eigenvalues which can only accumulate at 0, so we can write Ay > Ao > --- for them. Let
fn be the eigenvector from (e;)jes corresponding to A, for each n € N. Then (fy)nen is an
orthonormal basis for (Ker |T|)*. Now

1Tl = > 0T lesse5) = DT s fo) = - AallFall® = D A
J n n n

while

ITI3 =D _1Tesl* = 3 _ITFal® =D X2
i n n

Thus, since (3, A2)1/2 <37 A, it follows that || 7|2 < ||T1.
The completeness of TC(H) will follow from a later proposition. We leave the inclusion
F(H) CTC(H) as an exercise. |

Let now T" € TC(H). For any orthonormal basis (e;); for H, the series > . (T'e;, ;) is
absolutely convergent: Indeed, by we have

> [Tej e < My =||T]s.
i
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Note also that the series Zj (Tej,e;) is independent of the chosen orthonormal basis: We
have already shown that this is the case when T is positive, and we can write more general
operators as a linear combination of positive operators by first decomposing into real and
imaginary parts and then decomposing into positive and negative parts. We can thus make
the following definition:

Definition 5.1.9. Let T'€ TC(H). Then we define the trace of T to be the (finite) number

tr(T) =Y (Tej,e;)

jeJ
where (e;); is any orthonormal basis for H.

Note that for T' € TC(H) we have

(D) = | S (Tej )| < 30 Tejoe)] < T

jed Jj€J
Proposition 5.1.10. Let T'€ TC(H) and S € B(H). Then
tr(7°S) = tr(ST).
Proof. Exercise. |

We have now come to one of the main results regarding the trace class operators, which
characterizes the Banach space TC(H) as the dual space of K(H). Before we present the
theorem, recall that a finite rank operator can be written as a sum of rank one operators, and
that every rank one operator 7' € B(H) is of the form T' = ©,,, for some y, 2 € H, where

Oy .v = (x,2)y forze H.
We have ||©, .| < |ly|ll|#]] (check this if you have not seen it before).
Theorem 5.1.11. For every T € TC(H), the map wr: K(H) — C given by
wp(S) =tr(TS) for S e K(H)

defines a bounded, linear functional on IC(H). Furthermore, the map w: TC(H) — K(H)*
given by
w(T)=wr forT e TC(H)

s an isometric isomorphism.

Proof. Given T € TC(H), linearity of the map wr is clear. Boundedness follows from
jwr (S)] = [te(TS)] < |TS] < [T[R[[S]] for S € K(H),

which also shows that ||wr|| < ||T;.
Let ¢ € K(H)*. Define Ly: H x H — C by

Ly(x,y) = ¢(Op,y) forz,y e H.



5.1. THE TRACE 87

Then Ly is easily checked to be a sesquilinear form on H. Moreover, Ly is bounded, as

Lo (z, )| < 191[Ozyll < llollIzl Iyl

for all z,y € H. By |[Proposition 4.6.6| there exists a unique 7' € B(H) such that

#(Ogy) = (Tx,y) forall z,y € H.

Assume y is a unit vector, and let (e;);cs be an orthonormal basis for H in which y occurs.
Then

tr(TGZ,y) = Z<T®$,y€jv ej> = Z<T<eja y>:r, ej> = Z(T.ﬁlf, €j><ej7y> = <T$,y> = Qs(@%y)

jed jeJ jeJ

This formula is easily seen to extend to the case where y is not necessarily a unit vector as
well. By linearity, we get that

tr(T'S) = ¢(S) for all finite rank operators S € B(H).

We now show that T is trace class. Let (e;);es be an orthonormal basis. For each finite subset
F of J, let Pr be the projection onto the finite-dimensional subspace spanned by {e; : j € F'}.
Let T' = U|T| be the polar decomposition of T, so that |T| = U*T. Then PpU* is a finite
rank operator, so tr(T'PrU*) = ¢(PrU*) by what we have already proved. So for any finite
F CJ, we get

> AITlej ey = > (IT|Prej, e;) = tr(|T| Pr)

jeF jeJ
= tr(U*TPp) = tr(TPpU*) = ¢(PpU*)
< 1BllIIP U = lloll.

Hence, taking the supremum over all finite F' C J, we get

t(|7]) = Y (ITlej,e5) = ligIZHTleja@j) < [|oll

jeJ jEF

This shows that T € TC(H).
Let now S € K(H). Then S = lim,,_,, F;, for a sequence of finite rank operators. Thus,

[ tr(TF,) = te(TS)| = [tr(T(Fn = )| < [T (Fn = S)lly < [[T[l1][Fn = S|l = 0.
This shows that
6(5) = lim o(F,) = lim tr(TF,) = tr(TS) = wr(S).
Hence ¢ = wp. This shows surjectivity of w, and we also get

1Tl < floll = llewrll < [[T1]1-

Hence w is isometric, which finishes the proof. |
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Theorem 5.1.12. For every T € B(H), the map p: TC(H) — C given by
Yr(S) =tr(TS) for Se TC(H)

defines a bounded, linear functional on TC(H). Furthermore, the map ¢: B(H) — TC(H)*
given by
O(T) =yr

s an isometric 1somorphism.

Proof. Exercise. |

5.2 Fredholm operators

Let H be a Hilbert space, let y € H and let T' € B(H). Suppose we wish to study the solutions
of the equation Tx = y.

Uniqueness of solutions of this equation is, roughly speaking, related to the injectivity of
T. When T is injective, i.e., when Ker(T') = {0}, Tz = y has at most one solution. The bigger
the kernel is, the “less unique” solutions to the equation become.

On the other hand, existence of solutions is related to the surjectivity of 7. When T is
surjective, i.e., when Im(7") = H, then solutions always exist. Letting

Coker(T') :== H/Im(T),

we see that the bigger Coker(7') is, the “less likely” the equation is to have a solution.

There exists a unique solution if and only if 7' is invertible, if and only if Ker(7T") and
Coker(T') are both trivial. Considering operators for which these two spaces are finite-
dimensional instead of trivial, we arrive at the definition of a Fredholm operator:

Definition 5.2.1. Let H be a Hilbert space. An operator T' € B(H) is called Fredholm if the
vector spaces Ker(7') and Coker(T") are finite-dimensional. Moreover, the index of a Fredholm

operator T' € B(H) is the integer
i(T) = dim Ker(T") — dim Coker (7).

Example 5.2.2. Let T" € B(H) be an invertible operator. Then as we have seen, T is
Fredholm, and
i(T') = dim Ker(T") — dim Coker(7") = 0.

In particular, the identity operator I is always Fredholm, with i(I) = 0. If S € B(H) is a
Fredholm operator, then Ker(S) = Ker(ST') and Im(S) = Im(ST), so ST is Fredholm with
index i(ST) = i(T).

Example 5.2.3. Let H be a finite-dimensional Hilbert space and let T' € B(H). Then T is
obviously Fredholm. Moreover, the rank-nullity theorem gives

i(T) = dimKer(7T') — dim Coker(T') = dim Ker(T") — (dim H — dimIm(7")) = 0.

Proposition 5.2.4. Let T € B(H) be a Fredholm operator. Then Im(T') is closed in H.
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Proof. First, we prove the following claim: If M is a subspace of H such that H/M is finite-
dimensional, then there exists a closed subspace N of H such that M NN = {0} and M+ N =
H. Indeed, let {e1+ M, ..., e, + M} be a basis for H/M. Set N = span{ey,...,en}. Then N
is finite-dimensional, hence closed. If x € M N N, then we can find A\q,..., A, € C such that
=1 \e;. But then

n
0+ M=x+M=> Nle;+ M),
=1

so by linear independence we get \; = 0 for 1 < i < n Hence z = 0. Also, if x € H, then we
can find Aq,..., A, € C such that

n

i=1
Setting y = > ;- A\ie; € N, weget e —y € M and x = (x —y) +y € M + N. This finishes
the proof of the claim.

Now let N be such a subspace for M = Im(T'). We define amap 7": (H/Ker(T))®N — H
by
T (x + Ker(T),y) =T(z) +y for (z,y) € H x N.

This is well-defined due to the linearity of 1. Moreover, 7" is bounded, linear and surjective
since Im(7T") + N = H. and It is also injective since if T'(x) +y = 0 for z € H and y € N, then
T(x) =y = 0since M NN = {0}, so (x + Ker(T),y) = (Ker(T"),0). By the open mapping
theorem, T” is a homeomorphism. Hence

Im(T') = T'((H/ Ker(T)) x {0})
is closed since (H/Ker(T)) x {0} is closed. [ |
Corollary 5.2.5. For an operator T' € B(H), the following are equivalent:
(a) T is Fredholm.
(b) Im(T) is closed, and Ker(T') and Ker(T™) are finite-dimensional.
Moreover, for T Fredholm, we have that dim Coker(T") = dim Ker(7™), so
i(T) = dimKer(T') — dim Ker(7™).

Proof. Note that for a closed subspace M of H, the restriction of the quotient map H —
H/M to M L is a bijection, hence an invertible linear operator by the open mapping theorem
(since H/M is a Banach space). In particular, if T € B(H) has closed range, then Im(7T") =
Cl(Im(T)) = Ker(T*)*, so H/Im(T) = Ker(T*). From this (b)) = (a) immediately follows,
and (a) = (b) follows as well when combined with [Proposition 5.2.4] [

Example 5.2.6. Let H = (?(N) and let S € B(H) be the shift operator given by

S(z1,z2,...) =(0,21,29,...) forz=(x1,29,...) € H.
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Then S is an isometry, so Im(S) is closed and Ker(S) = {0}. The adjoint S* is given by
S*(z1,x2,...) = (x2,23,...),
so Ker §* = span{(«,0,0,...) : € C}. This shows that S is a Fredholm operator, with
i(S) = dimKer(S) — dimKer(S*) =0—-1= —1.
Lemma 5.2.7. Let T € B(H) be a compact operator. If M is a closed subspace of H and
M CIm(K), then M 1is finite-dimensional.
Proof. Exercise. |
The following characterization of Fredholm operators is extremely useful:

Theorem 5.2.8 (Atkinson’s Theorem). Let T' € B(H). The following are equivalent:

(a) T is a Fredholm operator.

(b) There exists S € B(H) such that both ST — I and T'S — I are compact operators.

Proof. (a) = (b): Suppose T is Fredholm. We claim that the operator R: Ker(T)* — Im(T)
given by R x) T'(x) is a bijection: It is certainly injective, since if R(x) = 0 for some
x € Ker(T)*, then x € Ker(T) NKer(T)+ = {0}. We also have

T(Ker(T)) = T(Ker(T) @ Ker(T)*) = T(H),

which shows that R is surjective.

Since Im(T') is closed, the open mapping implies that R has a bounded inverse S: Im(7") —
Ker(T)*. Again, since Im(7) is closed, we can extend S to the whole of H by setting S(y) =
for y € Im(T)*. For z € Im(T) and y € Im(T)* we now get

TS(z +y) = RS(z +y) = RS(z) + RS(y) = z + R(0) =

Hence T'S is the orthogonal projection onto Im(7) = Ker(T*)*. Furthermore, if 2’ € Ker(T)
and 3’ € Ker(T)*, then

ST(2' +y') = ST(2") + ST(y') = S(0) + SR(Y') = y'.

Hence ST is the orthogonal projection onto Ker(T)*.

It now follows that I —T'S is the orthogonal projection onto Ker(7T*), while I — ST is the or-
thogonal projection onto Ker(T'). Since these are finite-dimensional spaces by
the orthogonal projections onto them are finite rank operators, hence compact.

(b) = (a): Let S € B(H) be such that I — ST and I —T'S are compact operators. Setting
K =8T—-1¢eK(H), we have ST =1+ K. If:z:EKer(I+K ) then Kz = —x, so € Im(K).
Hence Ker(T') C Ker(ST) = Ker(I + K) C Im(K). By [Lemma 5.2.7 Ker(7') must be finite-
dimensional. Since S*T™* — 1 = (T'S —1)* is compact a similar argument bhOWb that Ker(T™)
is finite-dimensional.

By [Corollary 5.2.5 it remains to show that Im(T') is closed. Since K = ST — I is compact,
there exists a finite rank operator F' € B(H) such that |[K — F|| < 1/2. If x € Ker(F), then

ISII[T2|| = [|STz| = [|(1 + K)z|
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> Jlall - | Kzl = llo)l = | (K — F)al
1 1
> Jjall - 5llall = 5 el

This shows that T'(Ker(F')) is closed: Indeed, if (x,), is a sequence in Ker(F') such that
(Txp)n — y € H, then
[€m = x|l < 2S[[[[Tem — Tnll

which shows that (x,), is Cauchy. Hence (z,), has a limit € Ker(F) since the latter is
closed, and (T'(xy,))n — T'(x) € T(Ker(F)).

Now Ker(F)+ = Cl(Im(F*)) = Im(F*), which is finite-dimensional since F* is a finite
rank operator. Hence T'(Ker(F)') is finite-dimensional. So

Im(T) = T(H) = T(Ker(F) & Ker(F)*) = T(Ker(F)) + T(Im(F*))

is expressible as the sum of a closed subspace and a finite-dimensional subspace. Such sub-
spaces are closed: If M C H is closed and N C H is finite-dimensional, let 7: M — H/M
be the quotient map. Then 7(N) C H/M is finite-dimensional, hence closed, so M + N =
7Y (m(N)) is closed. [ |

Recall that the Calkin algebra associated to a Hilbert space H is the Banach algebra
C(H) = B(H)/K(H). Since K(H) is *-closed, the involution on B(H) passes to the Calkin
algebra. In fact, C(H) becomes a C*-algebra with respect to this involution, but we will not
need this.

Let m: B(H) — C(H), T — w(T) = T+ K(H), be the quotient map. Then 7 is an algebra
homomorphism, and is *-preserving by definition. Due to Fredholm operators
have a nice characterization in terms of the Calkin algebra: An operator 7' € B(H) is Fredholm
precisely when 7(7") € C(H) is invertible. This observation has some important consequences:

Proposition 5.2.9. Let Fred(H) denote the set of Fredholm operators on H. Then Fred(H)
has the following properties:

(a) It is an open subset of B(H),
(b) it is *-closed
(c) it is closed under composition,

(d) it is invariant under compact perturbations, that is, if T € Fred(H) and K € K(H),
then T + K € Fred(H).

Proof. (a): Since Fred(H) = 7~ '(GL(C(H))) and the invertible elements of a unital Banach
algebra form an open set, it follows that Fred(H) is open.

(b): If T € Fred(H), then n(T') € GL(C(H)), so n(T*) = n(T)* € GL(C(H)), which means
that T € Fred(H ).

(¢): T,S € Fred(H), then n(T),n(S) € GL(C(H)). Since n(T'S) = w(T)w(S), we get
that 7(T'S) € GL(C(H)) as well, so T'S € Fred(H).

(d): T € Fred(H) and K € K(H), then

7T+ K)=n(T)+n(K)=n(T) € GL(K(H)),
so T+ K € Fred(H). [ |
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Set Fred,(H) = {T € Fred(H) : i(T") = n} for every n € Z.
Lemma 5.2.10. If F € B(H) is a finite rank operator, then I + F € Fredo(H ).

Proof. Let M = Im(F) 4+ Im(F™*), which is a finite-dimensional (hence closed) subspace of H.
We claim that M is invariant under I+ F': Indeed, if we consider F'z + F*y for some x,y € H,
then

(I+F)(Fr+ F*y)=Fx+ F?z + F*y + FF*y € M.

Similarly M is invariant under I 4+ F™* as well. We also claim that (I + F)|y;n = Ipu:
Indeed, since Im(F*) € M we have M+ C Im(F*)* = Ker(F). Thus, if 2 € M=, then
(I + F)x =z + Fx = x. Consequently

Im(I+F)=I+F)(H)={I+F)(M)+ I+ F)(M*) =+ F)(M)+ M=,

Since (I + F)(M) is finite-dimensional and M+ is closed, this shows that Im(I + F) is closed

by the same argument as in the proof of
We also claim that Ker(I+ F) C M: letting z = 21+ € H where 21 € M and x5 € M,

the assumption (I + F)xz = 0 then gives
O={U+F)z1+ I+ F)zg= (I + F)z1 + x2.

Here (I + F)z1 € M by the invariance and xo € MJ-, so we get xo = 0. Hence x = x7 € M.
Similarly Ker(I + F*) C M as well. This shows in particular that both Ker(I + F') and
Ker(I + F*) = Ker((I + F)*) are finite-dimensional, being subspaces of M. Thus, we have
shown that I 4 F'is Fredholm.

Set T'= 1+ M. We now consider the restriction T'|5;, which we can view as a bounded,
linear operator on M. Since Ker(7T'),Ker(7™) C M, we also have that Ker(T'|y;) = Ker(T)

and Ker(T™|5r) = Ker(T™). Since M is finite-dimensional, it follows from [Example 5.2.3 that
i(T) = dimKer(T') — dim Ker(7™) = dim Ker(T'|5s) — dim Ker(T™*|pr) = i(T|p) = 0.

Proposition 5.2.11. Let T € Fred(H) and T € K(H). Then T + K € Fred(H), and
i(T+ K) =14(T).

Proof. Assume first that ¢(T) = 0. Then dimKer(7) = dimKer(T*) < co. Pick a partial
isometry V € B(H) with initial space Ker(7T) and final space Ker(7*). Then V has finite
rank. We claim that T 4 V is bijective:

To see that T'+V is injective, let x € H and suppose that (T'+V)z = 0. Writing z = y+2
where y € Ker(T) and z € Ker(T)*, we get

0=T+V)y+2)=Tz+Vy.

Here Tz € Im(T) while Vy € Ker(T*) = Im(T)*, so we get Tz = Vy = 0. But then
z € Ker(T) NKer(T)*, so z =0, and y = 0 since V|Ker(r) 18 an isometry. Hence x = 0.
Surjectivity follows from the following computation:

(T +V)(H) = T(Ker(T)*) + V(Ker(T)) = T(H) + Ker(T*)
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= Ker(T*)* 4 Ker(T*) = H.

The open mapping theorem now implies that '+ V € GL(B(H)). Since GL(B(H)) is open
in B(H), we can find § > 0 such that T4+ V + W € GL(B(H)) whenever ||W| < 0.

Pick a finite rank operator F' € B(H) such that |K —F|| <. Then S =T+V+K—-F €
GL(B(H)). Set G = F — V. Then G has finite rank, and

T+K=S4+F-V=S4+G=SI+5'G).

Since S71G is a finite rank operator, I + S~'G € Fredo(H) by [Lemma 5.2.10, Since S is
invertible, it follows that T + K = S(I + S7!G) is Fredholm, with

i(T+K)=i(SIT+S7'Q))=i(I+S7'G)=o.
The case of more general i(T") € Z is left as an exercise. [
Proposition 5.2.12. Let S,T € B(H) be Fredholm operators. Then

i(ST) = i(S) +(T).

Proof. Assume first that i(7") = 0. As in the proof of [Proposition 5.2.11] we can find a partial
isometry V' € B(H) with finite rank such that 7'+ V is invertible. Therefore

i(S)+i(T)=i(S)+0=4i(S(T+V)) =i(ST+ SV) =i(ST).
The case of general i(T') € Z is left as an exercise. |
In light of the above proposition, we can view the index as a group homomorphism
i: GL(C(H)) — Z.
5.3 Spectral theory for compact operators

We will apply the theory of Fredholm operators to describe the spectrum of a compact operator,
and give a new proof of the spectral theorem for normal, compact operators.

Theorem 5.3.1. Let K € B(H) be a compact operator. Then the following hold:
(a) sp(K) is countable.
(b) If X € sp(K) and X\ # 0, then \ is an eigenvalue of K, X is an eigenvalue of K*, and

dim Ker(A — K) = dim Ker(Al — K*) < cc.

(c¢) If sp(K) is countably infinite and sp(K) \ {0} = {\1, A2,...}, then limy oo Ay = 0.

Proof. (b): Let A € sp(K) \ {0}. Then AI is invertible, so it follows from [Proposition 5.2.11|
that AI — K is a Fredholm operator with i(Al — K') = 0. Thus,

d = dimKer(\] — K) = dim Ker(AI — K*) < co.
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We cannot have d = 0: This would imply that Ker(A — K) = 0 so that AI — K is injective, but
also Im(Al — K) = ClIm(M — K) = Ker(A — K*)* = H, giving that A\ — K is invertible. This
contradicts the fact that A € sp(K), so we conclude that d > 1. But then A is an eigenvalue for
K, and X is an eigenvalue for K*, and the corresponding eigenspaces are finite-dimensional,
with the same dimension.

(a) and (c¢): Suppose (fin)nen is a sequence of distinct eigenvalues of K. We will show that
(t4n)n, must go to zero. Let (z,)nen be a sequence of corresponding eigenvectors. For each
n € N, set

M, = span{z1,...,x,}.

Then M,, C M4+ for each n € N, so we can pick a sequence of unit vectors (y,), in H such
that y1 € My and yp41 € Mp1 N MnL for all n € N. By construction, (y,), is an orthonormal
sequence. Since K is compact and (yn,), is orthonormal, we must have K (y,) — 0 as n — oo.
(This is a general result which is covered in MAT4400. Exercise?)

Let n € N. Since y,, € M, we can find cy,...,c, € C such that y, = Z?:l c;x;. Then

n n
Ky, = Z%Kﬂ?i = Zcz‘uiﬂfi-
=1

=1

Set ¢n = Kyn — pnyn. Then

n n n n—1
On = ZCiMz‘UCz‘ — Hn Z CiT; = Zci(ﬂi — fin)T; = Z ci(ti — pn)Ti € Mp—1.
=1 =1 =1 =1

Consequently, the Pythagorean identity gives

|Mn ’= ‘Nn’zuynuz < HunynHQ + H‘bn”Z - ||Nnyn + (an2 - HK(yn)H2

Letting n — oo, we get p, — 0.

This shows that if sp(K) was countably infinite, then any enumeration of sp(K) goes to
zero. But it also shows that sp(K) is countable: For any k € N, the above argument shows
that there can only be finitely many eigenvalues A of K with |[A| > 1/k. Consequently

sp(K)\ {0} = [ J{\ € sp(K) : |\ = 1/k}

keN

is countable. [

Theorem 5.3.2. Let K € B(H) be a normal, compact operator. Then H admits an orthonor-
mal basis consisting of eigenvectors of K.

Proof. For each A € sp(K), let Sy be an orthonormal basis for Ker(A\l — K). Since K is
normal, eigenvectors corresponding to different eigenvalues are orthogonal. It follows that
S = U)\esp(K) Sy is an orthonormal set.

Let M = Cl(spanS). Then M contains all eigenvectors of K. Since both K and K*
leave M invariant, both K and K* must also leave M~ invariant. We can therefore consider
K|p. € B(M*). This is a normal, compact operator on M=, but has no eigenvalues: Any
eigenvector for K|,;. would be an eigenvector for K in M+, which would then be zero since



5.3. SPECTRAL THEORY FOR COMPACT OPERATORS 95

it also lies in M. By [Theorem 5.3.1, any nonzero element in the spectrum K|,;1 is an

eigenvalue, so we are forced to conclude that sp(K|,;1) = {0}. Since K|;;1 is normal, this
implies that K|y = 0, i.e., M+ C Ker(K). But Ker(K) (if nontrivial) is the eigenspace of
K corresponding to A = 0, so Ker(K) C M. Hence M+ = 0, so M = H and the proof is
finished. [
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