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Preface

This book was born out of a desire to have a brief introduction to op-
erator theory — the spectral theorem (arguably the most important theorem
in Hilbert space theory), polar decomposition, compact operators, trace-class
operators, etc., which would involve a minimum of initial spadework (avoiding
such digressions as, for example, the Gelfand theory of commutative Banach
algebras), and which only needed simple facts from a first semester graduate
course on Functional Analysis. I believe the cleanest formulation of the spec-
tral theorem is as a statement of the existence and uniqueness of appropriately
homeomorphic (continuous and measurable) functional calculi of one or more
pairwise commuting self-adjoint, and more generally normal, operators on a
separable Hilbert space, rather than one about spectral measures.

This book may be thought of as a re-take of my earlier book ([Sun]) on
Functional Analysis, but with so many variations as to not really look like a
‘second edition’: the operator algebraic point of view is minimised drastically,
resulting in an essentially operator-theoretic proof of the spectral theorem —
first for self-adjoint, and later for normal, operators. What is probably new
here is what I call the joint spectrum of a family of commuting self-adjoint
operators, a new proof of the Fuglede theorem on the commutant of a nor-
mal operator being *-closed, and the extension of the spectral theorem to a
family of commuting normal operators. The third chapter contains, in addition
to everything in the fourth chapter of [Sun], a section about Hilbert-Schmidt
and trace-class operators, and the duality results involving compact operators,
trace-class operators and all bounded operators.

This book is fondly dedicated to the memory of Paul Halmos.
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Chapter 1

Hilbert space

1.1 Introduction

This book is about (bounded, linear) operators on (always separable and com-
plex) Hilbert spaces, usually denoted by H, X, M and variants thereof. Vectors
in Hilbert spaces will usually be denoted by symbols such as z,y, z and their
variants, such as y,,,2’. The collection of all bounded complex-linear operators
on H will be denoted by B(H), whose elements will usually be denoted by
symbols such as A, B, E, F, P,Q,T,U,V, XY, Z.

The only prerequisites needed for reading this book are: a nodding ac-
quaintance with the basics of Hilbert space theory (eg: the definitions of or-
thonormal basis, orthogonal projection, unitary operator, etc., all of which are
briefly discussed in this chapter); a first course in Functional Analysis — the
spectral radius formula, the Open Mapping Theorem and the Uniform Bound-
edness Principle, the Riesz Representation Theorem (briefly mentioned in Ap-
pendix) which identifies C'(X)* with the space M(X) of finite complex mea-
sures on the compact Hausdorff space ¥, and outer and inner regularity of
finite positive measures on X; some basic measure theory, such as the Bounded
Convergence Theorem, and the not so basic Lusin’s theorem (also briefly dis-
cussed in Appendix) which leads to the conclusion — see Lemma A2 in the
Appendix — that any bounded measurable function on ¥ is the pointwise a.e.
limit of a sequence of continuous functions on ¥, and also — see Lemma Al in
the Appendix — that C(X) ‘is’ dense in L?(X, u). Also, in the section on von
Neumann-Schatten ideals, basic facts concerning the Banach sequence spaces
o, P and the duality relations among them will be needed /used. All the above
facts may be found in [Hal], [Hall], [Sun] and [AthSun]. Although these stan-
dard facts may also be found in other classical texts written by distinguished
mathematicians, the references are limited to a very small number of books,
because the author knows precisely where which fact can be found in the union
of the four books mentioned above.

© Springer Science+Business Media Singapore 2016 and Hindustan Book Agency 2015 1
V.S. Sunder, Operators on Hilbert Space, Texts and Readings in Mathematics 71,
DOI 10.1007/978-981-10-1816-9_1



2 Chapter 1. Hilbert space

1.2 Inner Product spaces

While normed spaces permit us to study ‘geometry of vector spaces’, we are
constrained to discussing those aspects which depend only upon the notion of
‘distance between two points’. If we wish to discuss notions that depend upon
the angles between two lines, we need something more — and that something
more is the notion of an inner product.

The basic notion is best illustrated in the example of the space R? that
we are most familiar with, where the most natural norm is what we call || - ||2.
The basic fact from plane geometry that we need is the so-called cosine law
which states that if A, B, C' are the vertices of a triangle and if 6 is the angle
at the vertex C, then

2(AC)(BC)cos = (AC)*+ (BC)? — (AB)* .

If we apply this to the case where the points A, B and C' are represented by
the vectors « = (z1,22), ¥y = (y1,y2) and (0,0) respectively, we find that

2/|z|| - [lyl| - cos® = [|z|* + ||yl — ||z — yl|?
= 2 (my1 + w2y2 ).

Thus, we find that the function of two (vector) variables given by

(z,y) = z1y1 + 2292 (1.2.1)

simultaneously encodes the notion of angle as well as distance (and has the
explicit interpretation (x,y) = ||z|| ||y|| cos ). This is because the norm can
be recovered from the inner product by the equation

lzll = (z,2)7% . (1.2.2)

The notion of an inner product is the proper abstraction of this function
of two variables.

DEFINITION 1.2.1. (a) An inner product on a (complex) vector space V is a
mapping VXV 3 (z,y) — (x,y) € C which satisfies the following conditions,
forall x,y,z €V and a € C:
(i) (positive definiteness) (x,x) >0 and (x,z) =0 & z=0;
(ii) (Hermitian symmetry) (x,y) = (y,x);
(111) (linearity in first variable) (ax + Bz,y) = alx,y) + B{z,y).

An inner product space is a vector space equipped with a (distinguished)
inner product.

o~

(b) An inner product space which is complete in the norm coming from the
inner product (as in Equation (1.2.2)) is called o Hilbert space. In this book,
however, we shall only be concerned with Hilbert spaces which are separable
when viewed as metric spaces, with the metric coming from the norm induced
by the inner-product — see Proposition 1.2.4 and Corollary 1.2.5.
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EXAMPLE 1.2.2. (1) If 2 = (21,...,24),w = (w1, ..., w,) € C", define
(z,w) = Z Z{W; ; (1.2.3)
i=1

it is easily verified that this defines an inner product on C™.

(2) The equation
,g) = z)g(z) dx 1.2.4
(f,9) /[0’1] f(z)g(z) ( )

is easily verified to define an inner product on C0,1]. O

As in the (real) case discussed earlier of R?, it is generally true that any
inner product gives rise to a norm on the underlying space via equation (1.2.2).
Before verifying this fact, we digress with an exercise that states some easy
consequences of the definitions.

EXERCISE 1.2.3. Suppose we are given an inner product space V; for x € V,
define ||z|| as in equation (1.2.2), and verify the following identities, for all
x,y,z€V, a€C:

(1) (z,y+az) = (z,y) + oz, 2);

(2) lle+yll* = ll=ll* + llyI* + 2Re(z,y);

(3) two wectors in an inner product space are said to be orthogonal if
their inner product is 0; deduce from (2) above and an easy induction ar-
gument that if {x1,zo,...,2,} is a set of pairwise orthogonal vectors, then
I mall® = 32 fall? -

@) Nlz+yl? + llz—yl*> = 2 (|z||* + ||yl|*); draw some diagrams and
convince yourself as to why this identity is called the parallelogram identity.

(5) (Polarisation identity) 4(x,y) = Zi:o ik (@ + %y, z + i*y), where,
of course, i = /—1.

The first (and very important) step towards establishing that any inner
product defines a norm via equation (1.2.2) is the following celebrated inequal-

ity.
PROPOSITION 1.2.4. (Cauchy-Schwarz inequality)
If x,y are arbitrary vectors in an inner product space V, then

[z, m)] < =]l - [yl -

Further, this inequality is an equality if and only if the vectors x and y are
linearly dependent.

Proof. If y = 0, there is nothing to prove; so we may, without loss of generality,
assume that ||y|| = 1 (since the statement of the proposition is unaffected upon
scaling y by a constant).
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Notice now that, for arbitrary a € C,

0 < Jflz—ayl?
= |lz[]* + e - 2Re(afy, ) .

A little exercise in the calculus shows that this last expression is minimised
for the choice ag = (x,y), for which choice we find, after some minor algebra,
that

0 < |lz—agyll* = [lz]]* = [{z,9)[*

thereby establishing the desired inequality.
The above reasoning shows that the inequality becomes an equality only
if x = agy, and the proof is complete. O

COROLLARY 1.2.5. Any inner product gives rise to a norm!

(1.2.2).

via FEquation
Proof. Positive-definiteness and homogeneity with respect to scalar multiplica-
tion are obvious; as for the triangle inequality,

le+yll* = llzl* + [lyll* + 2Re (2,y)
el + [lyll® + 2zl [yl

A

and the proof is complete. [
EXERCISE 1.2.6. (1) Show that

n 2 n n
‘Z ziw;| < (Z zl|2) (Z |wi|2> ,Vz,weCr.
i=1 i=1 i=1

(In view of the notation used in (2) below, we shall write £2 for C" with the
‘standard inner product’ defined above.)

(2) Deduce from (1) that the series > i, «;f; converges, for any a, 3 €
C={y=(n,yYn,-..) ECY Y |7,|> < o0}, and that

S ol < (i aﬁ) (i |/3i|2) Vafel
=1 i=1 =1

deduce that ¢ is indeed (a vector space, and in fact) an inner product space,
with respect to inner product defined by

(a,B8) = Z @i - (1.2.5)

IRecall that (a) a norm on a vector space V is a function V 3 z — ||z|| € [0, 00) which
satisfies (¢) (positive-definiteness) ||z|| = 0 < = = 0; (i1) (homogeneity) ||oz| = |a|||z| and
(413) (triangle inequality) ||z + y|| < ||z|| + ||y|| for all z,y € V and a € C; (b) a vector space
equipped with a norm is a normed space; and (c) a normed space which is complete with
respect to the norm is called a Banach space.
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(3) Write down what the Cauchy-Schwarz inequality translates into in Example
1.2.2 (2).

(4) Show that the inner product is continuous as a mapping from V x V
into C. (In view of Corollary 1.2.5, this makes sense.)

1.3 Hilbert spaces : examples

Our first step is to arm ourselves with a reasonably adequate supply of examples
of Hilbert spaces.

ExaMPLE 1.3.1. (1) C™ is an example of a finite-dimensional Hilbert space,
and we shall soon see that these are essentially the only such examples.

(2) £2 is an infinite-dimensional Hilbert space — see Exercise 1.2.6(2). Nev-
ertheless, this Hilbert space is not ‘too big’, since it is at least equipped with
the pleasant feature of being a separable Hilbert space — i.e., it is separable as a
metric space, meaning that it has a countable dense set. (Verify this assertion!)

(3) More generally, let S be an arbitrary set, and define
C(S) = {z = ((z5))ses € C” 1 X g las|* <00}

(The possibly uncountable sum might be interpreted as follows: a typical
element of ¢2(S) is a family # = ((z5)) of complex numbers which is indexed
by the set S, and which has the property that s = 0 except for s coming from
some countable subset of S (which depends on the element x) and which is
such that the possibly non-zero xs’s, when written out as a sequence in any
(equivalently, some) way, constitute a norm-square-summable sequence.)

Verify that ¢2(.9), in a natural fashion, is a Hilbert space.

(4) This example will make sense to the reader who is already familiar
with the theory of measure and Lebesgue integration; the reader who is not,
may safely skip this example; the subsequent exercise will effectively recapture
this example, at least in all cases of interest.

Suppose (X, B, 1) is a measure space. Let £2(X, B, u) denote the space
of B-measurable complex-valued functions f on X such that [ < |f [2du < oo.
Note that |f + g|> < 2(|f|> + |g]?), and deduce that £2(X,B, u) is a vector
space. Note next that [fg| < %(|f|*+ |g|?), and so the right-hand side of the
following equation makes sense, if f,g € £3(X,B, u):

(f,9) = /X fgdu. (1.3.6)

It is easily verified that the above equation satisfies all the requirements of an
inner product with the solitary possible exception of the positive-definiteness



6 Chapter 1. Hilbert space

axiom: if (f, f) = 0, it can only be concluded that f = 0 a.e — meaning that
{z: f(z) # 0} is a set of p-measure 0 (which might very well be non-empty).

Observe, however, that the set N = {f € L*(X,B,u): f =0 a.e.} is a
vector subspace of £2(X,B,u); and a typical element of the quotient space
L?(X,B,p) = L2(X,B,pn)/N is just an equivalence class of square-integrable
functions, where two functions are considered to be equivalent if they agree
outside a set of y-measure 0.

For simplicity of notation, we shall just write L?(X) or L?(u) for
L?(X,B, ), and we shall denote an element of L?(x) simply by such symbols
as f, g, etc., and think of these as actual functions with the understanding that
we shall identify two functions which agree p-almost everywhere. The point of
this exercise is that equation (1.3.6) now does define a genuine inner product
on L?(X); most importantly, it is true that L?(X) is complete and is thus a
Hilbert space. O

EXERCISE 1.3.2. (1) Suppose X is an inner product space. Let X be a comple-
tion of X regarded as a normed space. Show that X is actually a Hilbert space.
(Thus, every inner product space has a Hilbert space completion.)

(2) Let X = C[0,1] and define

(f.g) = /O F(@)@) da .

Verify that this defines a genuine, i.e., positive-definite, inner product on
C[0,1]. The completion of this inner product space is a Hilbert space — see
(1) above — which may be identified with what was called L*([0,1], B, m) in Ez-
ample 1.3.1(4), where (B is the o-algebra of Borel sets in [0,1] and) m denotes
the so-called Lebesgue measure on [0,1].

1.4 Orthonormal bases

In the sequel, N will always denote a (possibly empty, finite or infinite) count-
able set.

DEFINITION 1.4.1. A collection {x,, : n € N} in an inner product space is said
to be orthonormal if

1 ifm=n

<$m,$n> = Omn ::{ 0 1fm7én Vm,neN .

Thus, an orthonormal set is nothing but a set of unit vectors which are
pairwise orthogonal; we shall write z L y if two vectors x, y in an inner product
space are orthogonal, i.e., satisfy (z,y) = 0.

EXAMPLE 1.4.2. (1) In 2, for 1 < i < n, let e; be the element whose i-
th co-ordinate is 1 and all other co-ordinates are 0; then {ey,...,e,} is an
orthonormal set in /2.
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(2) In £2, let e,, be the element whose n-th co-ordinate is 1 and all other
co-ordinates are 0, for 1 < n < oo; then {e, :n =1,2,...} is an orthonormal
set in /2.

(3) In the inner product space C0,1] — with inner product as de-
scribed in Exercise 1.3.2 — consider the family {e, : n € Z} defined by
en(x) = exp(2minx), and show that this is an orthonormal set; hence this is also
an orthonormal set when regarded as a subset of L?([0,1],m) — see Exercise
1.3.2(2). O

PROPOSITION 1.4.3. Let {ey,ea,...,e,} be an orthonormal set in an inner
product space X, and let x € X be arbitrary. Then,

(i) if x = Y1 e, a; €C, then o = (x,¢;) Vi;

(1) (z =20 (w,eie; ) L oeg VI<j<my

(iii) (Bessel’s inequality ) >, [(z,€;)]* < [[z]?.

Proof. (i) If x is a linear combination of the e;’s as indicated, compute (z, ¢;),
and use the assumed orthonormality of the e;’s, to deduce that a; = (z,e;).
(#4) This is an immediate consequence of (i).
(iit) Write y = D1 (z,e;)e;, 2 = x — y, and deduce from (two applica-
tions of ) Exercise 1.2.3(3) that

e [Iyll” + 112112

[lyll”

> laef

vV

O

We wish to remark on a few consequences of this proposition; for one
thing, (i) implies that an arbitrary orthonormal set is linearly independent;
for another, if we write \/{e, : n € N} for the vector subspace spanned by
{en : m € N} — this is the set of linear combinations of the e,’s, and is the
smallest vector subspace containing {e,, : n € N} — it follows from (i) that we
know how to write any element of \/{e, : n € N} as a linear combination of
the e,,’s.

We shall find the following notation convenient in the sequel: if § is a
subset of an inner product space X, let \/ S (reps., [8]) denote the smallest
subspace (resp. closed subspace) containing 8; it should be clear that this could
be described in either of the following equivalent ways: (a) [8] is the intersection
of all closed subspaces of X which contain 8, and (b) [§] = \/8. (Verify that
(a) and (b) describe the same set.)

LEMMA 1.4.4. Suppose {e,, : n € N} is a countable orthonormal set in a Hilbert
space H. Then the following conditions on an arbitrary family {co, :n € N} of
complex numbers are equivalent:

(i) the sum ) . ane, makes sense as a finite sum in case N is a
finite set, and as an ‘unconditionally’ norm-convergent series in H if N is
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infinite, meaning: if ¢ : N — N is any bijection, and if we define x(¢), =
2221 Qg(n)Ch(n), then the sequence {x(¢)r : k € N} is norm-convergent and
the limit of this sum is independent of the bijection ¢ used; the symbol of a
sum of elements of a Hilbert space, and C, in particular, which is indezed by
arbitrary countably infinite sets (other than N, when, of course, series may be
conditionally convergent) will always be used to denote only such ‘uncondition-
ally convergent series’.

(i1) P pen lan|? < co.

(i) there is a vector z € [{e, : n € N}| such that (x,e,) = o, ¥n € N.

Proof. If N is finite, the first two assertions are obvious, while the third is seen
by choosing x =y anén.

So suppose that N is infinite, and that ¢, z(¢), are as above.

(1) = (4i1): Fix a bijection ¢ as in (7). Condition (i) says that ||z(¢)r —
2(¢)|| — 0 for some z(¢) € H. As (x(¢)k, en) = (2(P)r, en) = anVk, £ > ¢~ 1(n),
we find that (z(¢),en) = @y, Vn. Since each z(d)r € [{e, :n € N}, it is clear
that also z(¢) € [{e, :n € N}.

(791) = (1) is an immediate consequence of Bessel’s inequality.

(#9) = (i): Condition (éi) is seen to imply that {x(¢)r : k € N} is a
Cauchy sequence and hence convergent in H. The argument given in the proof
of (i) = (¢it) applies with ¢ replaced by any other bijection . And x(¢) —x(¢))
would be an element of [{e,, : n € N}] which would be orthogonal to each e,
and hence to a dense subspce of [{e, : n € N}|, thereby forcing the equality
x(¢) = x(v), as asserted. O

We are now ready to establish the fundamental proposition concerning
orthonormal bases in a Hilbert space.

PRrROPOSITION 1.4.5. The following conditions on a countable orthonormal set
{en : n € N} in a Hilbert space H are equivalent: (in items (i), (iii) and
(iv), the sums indexed by the set N are to be understood as indicated in Lemma
1.4.4(4)).

(i) {en : n € N} is a mazimal orthonormal set, meaning that it is not
strictly contained in any other orthonormal set;

(i) xeH = z = 3, n@ en)en;

(iii) v,y € H = (z,y) = ZneN(x,en><en,y>,'

(i) zeH = |2 = 3, cnl{z en)l.

Such an orthonormal set is called an orthonormal basis of J.

Proof. (i) = (ii) : It is a consequence of Bessel’s inequality which states that
> nen (T en)|? < oo and (the implication (ii) < (i) of) the last lemma that
there exists a vector, call it 29 € H, such that zg = >y (2, en)en. If 2 # xo,
and if we set e = m (x—x), then it is easy to see that {e,, : n € N}U{e}
is an orthonormal set which contradicts the assumed maximality of the given
orthonormal set.
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(#9) = (7i7) : This is obvious if N is finite, so assume without loss of gener-
ality that N =NForn e N,let z, = Y./ (v,e;)e; andyn, = Doy, e)e;,
and note that, by the assumption (4¢), continuity of the inner-product, and the
assumed orthonormality of the e;’s, we have

(@,y) = Hm (zn,yn)
= nli{r;o ;<x76i><y7ei>
= nlgl;o;<x,€i><€iay>
o0
= Z<$,€i><€i7y>-
i=1

(#i1) = (iv) : Put y = .

(iv) = (i) : Suppose {e; : i € T U J} is an orthonormal set with J a
non-empty index set disjoint from I; then for j € J, we find, in view of (iv),
that

L=llesll* = > lejenl* = 0
icl
hence it must be that J is empty — i.e., the maximality assertion of (i) is indeed
implied by (iv). O

The reason for only considering countable orthonormal sets lies in the
following proposition.

PrOPOSITION 1.4.6. The following conditions on a Hilbert space H are equiv-
alent:

(i) H is separable;

(i) Any orthonormal set in H is countable.

Proof. (i) = (ii) : Suppose D is a countable dense set in H and suppose
{e; :i € I'} is an orthonormal set in H. Notice that

i#j = llei—el?=2. (1.4.7)

Since D is dense in H, we can, for each ¢ € I, find a vector x; € D such
that [|z; — ei]] < ? The identity (1.4.7) shows that the map I 3¢ — x; € D
is necessarily 1-1; since D is countable, we may conclude that so is I.

(#4) = (i) : If T is a countable (finite or infinite) set and if {e; : ¢ € I} is
an orthonormal basis for H, let D be the set whose typical element is of the
form .. ; aje;, where J is a finite subset of I and «; are complex numbers
whose real and imaginary parts are both rational numbers; it can then be seen
that D is a countable dense set in JH. O



10 Chapter 1. Hilbert space

COROLLARY 1.4.7. Any orthonormal set in a Hilbert space is contained in an
orthonormal basis— meaning that if {e; : i € I} is any orthonormal set in a
Hilbert space 3, then there exists an orthonormal set{e; : i € J} such that
INJ =0 and{e;:1 € IUJ} is an orthonormal basis for H. (If {e; :i € I} is
already an orthonormal basis, then J = ().)

In particular, every Hilbert space admits an orthonormal basis.

Proof. This is an easy consequence of Zorn’s lemma. O

REMARK 1.4.8. (1) Although we have formally defined an orthonormal ba-
sis only in separable Hilbert spaces, Proposition 1.4.5 is true verbatim
without the countability hypothesis. The details of this generalisation —
which necessitates a digression into what is meant by sums of families of
vectors indexed by arbitrary, possibly uncountable, sets — may be found
in [Sun], for instance. Thus, non-separable Hilbert spaces are those whose
orthonormal bases are uncountable. It is probably fair to say that any true
statement about a general non-separable Hilbert space can be established
as soon as one knows that the statement is valid for separable Hilbert
spaces; it is probably also fair to say that almost all useful Hilbert spaces
are separable. So, the reader may safely assume that all Hilbert spaces in
the sequel are separable; among these, the finite-dimensional ones are, in a
sense, ‘trivial’, and one only need really worry about infinite-dimensional
separable Hilbert spaces.

(2) Every separable non-zero Hilbert space is isometrically isomorphic to ex-
actly one of the family {¢2 : n € N}U{¢?}, where N = {1,2,...}. Thus the
cardinality of an orthonormal basis is a complete invariant ‘up to isometric
isomorphism’. It is clear this is an invariant. For finite-dimensional spaces,
the cardinality of an orthonormal basis is the usual vector space dimen-
sion, and vector spaces of differing finite dimension are not isomorphic.
Also, no finite-dimensional Hilbert space can be isometrically isomorphic
to % as the unit ball of /2 is not compact. (Reason: the orthonormal

basis{e,, : n € N} can have no Cauchy subsequence as |e, — e,/ = v/2 if
m#n.)

REMARK 1.4.9. (1) Tt follows from Proposition 1.4.5 (ii) that if {e; : i € I}
is an orthonormal basis for a Hilbert space 3, then H = [{e; : i € I}];

conversely, it is true — see Corollary 1.4.14 — that if an orthonormal set is
total (meaning that the vector subspace spanned by the set is dense in the
Hilbert space), then such an orthonormal set is necessarily an orthonormal
basis. (Reason: apply Theorem 1.4.13(4i), with M as the closed subspace
spanned by the orthonormal set.)

(2) Each of the three examples of an orthonormal set that is given in Example
1.4.2, is in fact an orthonormal basis for the underlying Hilbert space. This
is obvious in cases (1) and (2). As for (3), it is a consequence of the Stone-
Weierstrass theorem that the vector subspace of finite linear combinations
of the exponential functions {exp(2minx) : n € Z} (usually called the set
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of trigonometric polynomials) is dense in {f € C[0,1] : f(0) = f(1)}
(with respect to the uniform norm — i.e., with respect to || - ||); in view
of Exercise 1.3.2 (2), it is not hard to conclude that this orthonormal
set is total in L2([0,1],m) and hence, by remark (1) above, this is an
orthonormal basis for the Hilbert space in question.

Since exp(£2minx) = cos(2mnx) £ isin(2mna), and since it is easily
verified that cos(2rma) L sin(2rnz) Vm,n = 1,2,..., we find easily that

{1 =-eo} U{V2cos(2mnz), V2sin(2mnz):n=1,2,...}

is also an orthonormal basis for L2([0, 1], m). (Reason: this is orthonormal,
and this sequence spans the same vector subspace as is spanned by the
exponential basis.) (Also, note that these are real-valued functions, and
that the inner product of two real-valued functions is clearly real.) It
follows, in particular, that if f is any (real-valued) continuous function
defined on [0,1], then such a function admits the following Fourier series
(with real coefficients):

flx) = ap+ i (an cos(2mnx) + by, sin(2wnz) )
n=1

where the meaning of this series is that we have convergence of the se-
quence of the partial sums to the function f with respect to the norm in
L?[0,1]. Of course, the coefficients a,, b,, are given by

ag = /01 f(x)dx

an

1
2/ f(z)cos(2mna ) dx , ¥V n >0,
0

1
b, 2/ f(z)sin(2mnx) dz , Vn >0
0

The theory of Fourier series was the precursor to most of modern func-
tional analysis; it is for this reason that if {e; : ¢ € I} is any orthonormal
basis of any Hilbert space, it is customary to refer to the numbers (x,e¢;) as
the Fourier coefficients of the vector x with respect to the orthonormal basis
{ei NS I} [

It is a fact that any two orthonormal bases for a Hilbert space have the
same cardinality, and this common cardinal number is called the dimension of
the Hilbert space; the proof of this statement, in its full generality, requires
facility with infinite cardinal numbers and arguments of a transfinite nature,
and may be found in [Sun|; our interest will be confined to separable Hilbert
spaces; the proof in that case of the dimension being an invariant has been
outlined in Remark 1.4.9.
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We next establish a lemma which will lead to the important result which
is sometimes referred to as ‘the projection theorem’.

LEMMA 1.4.10. Let M be a closed subspace of a Hilbert space H; (thus M
may be regarded as a Hilbert space in its own right;) let {e; : i € I} be any
orthonormal basis for M, and let {e; : j € J} be any orthonormal set such that
{e; i€ TUJ} is an orthonormal basis for H, where we assume that the index
sets I and J are disjoint. Then, the following conditions on a vector x € H are
equivalent:

(i)x LyVyeM;

(i) x = 3 e (T e5)e;
Proof. The implication (ii) = (i) is obvious. Conversely, it follows easily
from Lemma 1.4.4 and Bessel’s inequality that the ‘series’ ) . (x,e;)e; and
> jeslT.€j)e; converge in H. Let the sums of these ‘series’ be denoted by y
and z respectively. Further, since {e; : i € TU.J} is an orthonormal basis for J,
it should be clear that @ = y + z. Now, if = satisfies condition (¢) of the lemma,
it should be clear that y = 0 and that hence, x = z, thereby completing the
proof of the lemma. O

We now come to the basic notion of orthogonal complement.

DEFINITION 1.4.11. The orthogonal complement S+ of a subset S of a Hilbert
space is defined by

St = {zeH:zLyVyecS}.
EXERCISE 1.4.12. If Sq C S C H are arbitrary subsets, show that

s o8t = (\/9)" = (sht .

Also show that S+ is always a closed subspace of H.

We are now ready for the basic fact concerning orthogonal complements
of closed subspaces.

THEOREM 1.4.13. Let M be a closed subspace of a Hilbert space H. Then,

(i) M+ s also a closed subspace;

(i) (MH)" = M

(iii) any vector x € H can be uniquely expressed in the form x =y + z,
where y € M, z € Mt

() if x,y,z are as in (3) above, then the equation Pr = 1y defines a
bounded operator P € B(H) with the property that

|1Pa|[* = (Pz,z) = ||z|* - ||z — Pal|*, Vo € 3.

Proof. (i) This is easy — see Exercise 1.4.12.
(#9) Let I,J,{e; : i € I U J} be as in Lemma 1.4.10. We assert, to start
with, that in this case, {e; : j € J} is an orthonormal basis for M. Suppose
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this is not true; since this is clearly an orthonormal set in M*, this means
that {e; : j € J} is not a maximal orthonormal set in M-+, which implies the
existence of a unit vector € M+ such that (v,e;) = 0V j € J; such an
will satisfy condition (i) of Lemma 1.4.10, but not condition (i7).

If we now reverse the roles of M, {e; : i € I} and M+, {e; : j € J}, we
find from the conclusion of the preceding paragraph that {e; : ¢ € I} is an
orthonormal basis for (J\/[L)l, from which we may conclude the validity of (i)
of this theorem.

(791) The existence of y and z was demonstrated in the proof of Lemma
1.4.10; as for uniqueness, note that if x = y; + 21 is another such decomposition,
then we would have

y—1y1 = 21—z € MNM*;

but we MNML = wlw =||w|>=0 = w=0.

(iv) The uniqueness of the decomposition in (i) is easily seen to imply
that P is a linear mapping of H into itself; further, in the notation of (iii), we
find (since y L z) that

lzll* = [lyll* +[2l* = [[P2[l* + ||z — Pa|” ;

this implies that ||Pz|| <||z|| V = € K, and hence P € B(H).
Also, since y L z, we find that

1P| = |lyl> = (yy+2) = (Pz,x),

thereby completing the proof of the theorem. O

The following corollary to the above theorem justifies the final assertion
made in Remark 1.4.9 (1).

COROLLARY 1.4.14. The following two conditions on an orthonormal set {e; :
i € I} in a Hilbert space H are equivalent:

(i) {ei : i € I} is an orthonormal basis for H;

(i1) {e; : i € I} is total in H — meaning, of course, that H = [{e;:i €
I} ]

Proof. As has already been observed in Remark 1.4.9 (1), the implication (i) =
(#4) follows from Proposition 1.4.5(ii).

Conversely, suppose (i) is not satisfied; then {e; : i € I'} is not a maximal
orthonormal set in H; hence there exists a unit vector x such that x 1 e; Vi € I;

if we write M = [ {e; : i € I} ], it follows easily that z € ML, whence
M+ # {0}; then, we may deduce from Theorem 1.4.13(2) that M # ¥ - i.e.,
(i%) is also not satisfied. O

A standard and easily proved fact is that the following conditions on a
linear map T : H — K between Hilbert spaces are equivalent:
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(1) T is continuous; i.e. |z, — z|| = 0 = ||Tz, — Tz| — 0;
(2) T is continuous at 0; i.e. |z,|| = 0= ||Tx,| — 0;
(3) sup{||Tz| : |lz|| <1} =inf{C > 0: ||Tz| < C|z| Vo € H} < 0.

On account of (3) above, such continuous linear maps are called bounded
operators and we write B(3H, X) for the vector space of all bounded operators
from H to K. It is a standard fact that B(H,X) is a Banach space if ||T|| is
defined as the common value of the two expressions in item (3) above.

We write B(H) for B(H,H), and note that B(H) is a Banach algebra
when equipped with composition product AB = Ao B.

It is customary to write H* = B(H,C). We begin by identifying this
Banach dual space JH*.

THEOREM 1.4.15. (Riesz lemma)
Let 3 be a Hilbert space.
(a) If y € H, the equation

py(z) = (z,y) (1.4.8)

defines a bounded linear functional ¢, € H*; and further, ||¢y||sc- = ||yl|ac -
(b) Conversely, if ¢ € H*, there exists a unique element y € H such that
¢ = ¢y asin (a) above.

Proof. (a) Linearity of the map ¢, is obvious, while the Cauchy-Schwarz in-
equality shows that ¢, is bounded and that ||¢,|| < ||y||. Since ¢, (y) = |[|y||?,
it easily follows that we actually have equality in the preceding inequality.

(b) Suppose conversely that ¢ € H*. Since ||¢y, — ¢y, || = ||y1 —y2|| for all
Y1, y2 € I, the uniqueness assertion is obvious; we only have to prove existence.
Let M = ker ¢. Since existence is clear if ¢ = 0, we may assume that ¢ # 0,
i.e., that M # H, or equivalently that ML # 0.

Notice that the map ¢ is 1-1 from M= into C; since M+ # 0, it follows
that M is one-dimensional. Let z be a unit vector in M+. The y that we seek —
assuming it exists — must clearly be an element of Mt (since ¢(z) = 0 Yz € M).
Thus, we must have y = az for some uniquely determined scalar 0 # o € C.
With y defined thus, we find that ¢,(z) = @; hence we must have a = ¢(2).
Since any element in H is uniquely expressible in the form x + vz for some
x € M, and scalar v € C, we find easily that we do indeed have ¢ = %2. O

It must be noted that the mapping y — ¢, is not quite an isometric
isomorphism of Banach spaces; it is not a linear map, since ¢, = «ey; it
is only ‘conjugate-linear’. The dual (@ priori Banach) space H* is actually a
Hilbert space if we define

<¢ya¢z> = <Z7y>§

that this equation satisfies the requirements of an inner product are an easy
consequence of the Riesz lemma (and the conjugate-linearity of the mapping



1.4. Orthonormal bases 15

y — ¢, already stated); that this inner product actually gives rise to the norm
on J{* is a consequence of the fact that ||y|| = |[|¢y]].

EXERCISE 1.4.16. (1) Where is the completeness of 3 used in the proof of the
Riesz lemma; more precisely, what can you say about X* if you only know that
X is an (not necessarily complete) inner product space? (Hint: Consider the
completion of X.)

(2) If T'€ B(H,K), where H,K are Hilbert spaces, prove that

Tl = sup{|(Tz,y)| : x € H,y € K, [lz|| < 1, |yl < 1} .

A mapping B : H x KX — C is called a bounded sesquilinear form if

B(Zaixi,z:ﬁjyj) = ZZai,@jB(a:i,yj), Vai,ﬁj € C,l‘i S j‘f,yj eX
i=1 j=1

i=1 j=1
(1.4.9)
and
[ B := sup{|B(z,y)| : |z|, lyl| <1} <oo. (1.4.10)

The following is an easy consequence of the Riesz lemma (see Theorem
1.4.15)) and so its proof is omitted.

PROPOSITION 1.4.17. (1) B : H x X — C is a bounded sesquilinear form if
and only if there exists a unique bounded operator T € B(H,X) such that
B(z,y) = (Tz,y) Ya,y; furthermore, ||T|| = || B]|.

(2) Every sesquilinear form defined on H x H satisfies the polarisation iden-
tity:

Z\/_B:ch\/_y,er\/_y)

It is a consequence of the open mapping theorem that the following con-
ditions on a T' € B(JH,X) are equivalent:

(1) There exists an S € B(K,H) such that ST = id, T'S = idx.
(2) T is a set-theoretic bijection, i.e., both 1-1 and onto.

We call such an operator T invertible, and write S = T~!. It is a fact
(see [Sun]) that the collection GL(H,X) of such invertible operators is open
in the norm-topology of B(H,X), and that the mapping 7+ T~ is a norm-
continuous map of GL(H,XK) onto GL(XK, H).

Recall that the spectrum of a T' € B(H) is defined to be o(T) = {A € C:
T — X ¢ GL(H)}. It follows from the previous paragraph that o(7') is a closed
set. It is also true that o(T") is a non-empty compact set for any T € B(H).

An elementary fact about spectra that will be needed later is a special
case of a more general spectral mapping theorem.
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ProPOSITION 1.4.18. If p € C[t] is any polynomial with complex coefficients,
and if T € B(H), then o(p(T)) = p(a(T)).

Proof. Fix a A € C. If p is a constant, the proposition is obvious, so we assume
p is a polynomial of degree n > 1. Then the algebraic closedness of C permits
a factorisation of the form p(t) — XA = a, [, (t — ;). Clearly, then p(T) — X =
an [15, (T — p;) (where the order of the product is immaterial as the factors
commute pairwise). We need the fairly easy fact that if T3, ..., T, are n pairwise
commuting operators, then their product 7j ...T,, is invertible if and only if
each T; is invertible. (Verify this!) Hence conclude that

Ago(p(T)) & pi & o(T)Vi

or equivalently, that A € o(p(7T)) if and only if there exists some ¢ such that
w; € o(T). This is equivalent to saying that A € p(c(T)); and thus, indeed
o(p(T)) = p(o(T)). O

It is a fact that A € o(T) = |A| < ||T|| and that the spectrum is always
compact. The non-emptiness is a more non-trivial fact. (This statement for all
finite-dimensional H is equivalent to the fact that C is algebraically closed, i.e.,
that every complex polynomial is a product of linear factors.)

Another proof that simultaneously establishes the fact that o(7) is non-
empty and compact is the (not surprisingly complex analytic) proof of the
so-called spectral radius formula:

spr(T) == sup{|A| : A € o(T)} = lim_ oA i (1.4.11)

This says two things: (i) that the indicated limit exists, and (i) that the value of
the limit is as asserted. Part (i7) shows that the spectral radius is non-negative,
and hence that spectrum is always non-empty. We will shortly be using part
(1) to establish that spr(7) = ||T'|| if T is ‘normal’, which is a key ingredient in
the proof of the spectral theorem.

Most of this required background material can be found in the initial
chapters of most standard books (such as [Sun]) covering the material of a first
course in Functional Analysis.

1.5 Adjoints

An immediate consequence of the Riesz lemma (Lemma 1.4.15) is:

PropPOSITION 1.5.1. If T € B(H,X), there exists a unique operator T* €
B(X,H) - called the adjoint of the operator T — such that

(T*y,z) = (y, Tx) Ve € H,y € X.

Proof. Notice that the right side of the displayed equation above defines a
bounded sesquilinear form on KX x JH, and appeal to Proposition 1.4.17 to lay
hands on the desired operator T*. O
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We list below some simple properties of this process of taking adjoints.

we have:
(0451 + SQ)*
(57)
(ST)*

. 7%
id3e

asST + 55 ;
S

Ts*
idgc .

(2) |T|I? = |T*T|| and hence, also | T*| = ||T| ;

(3) ker(T*) = ran’(T) := (ran(T))*; equivalently, ker™(T*) = ran(T).

(1) Most of these identities follow from the fact that the adjoint is
characterised by the equation it satisfies. Thus, for instance,

Proof.

(@51 + 52)"y, x)

The other three statements are even more straight-forward to verify.

On the one hand,

171> = sup{||T=|”: ||| <1}
= sup{(T"Tz,z): |z| <1}
< |77,
while on the other,
7T\ = sup{[(T" Ty, x2)| : [lza|l], [lz=]l < 1}

IN A

Ir)* .

(y, (S + S2)x)
aly, S1x) + (y, Sax)
a(STy, ) + (S3y, )
(@S] + 53)y, ).

sup{[| Tz [Tl : ]|, [Je2]] < 1}

(1) For all « € C,S,51,5 € B(H,X), T € B(M,H),

(Observe that the Cauchy-Schwarz inequality |(z,y)| < ||z| ||y|| has
been used in the proofs of both inequalities above — in the third line of the
first, and in the second line of the second.) The desired equality follows,
and the sub-multiplicativity of the norm then implies that ||T*| < [|T]|.
By interchanging the roles of 7' and 7, we find that, indeed ||T*| = ||T]|.

y € ker(T™)

I

Ty =0
(T*y,z) =0 Vx
(y,Tz) =0 Va
y € ran™(T) .
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The polarisation identity has the following immediate corollaries:

COROLLARY 1.5.3. (1) IfT € B(H), then

T=0 <& (Tz,z) =0VzecXH.

(2)
T=T" < (Tz,z) cRVzxeXH.

This corolllary leads to the definition of an important class of operators:

DEFINITION 1.5.4. An operator T € B(H) is said to be self-adjoint (or Hermi-
tian) if T = T™.

A slightly larger class of operators, which is the correct class of operators
for the purposes of the spectral theorem, is dealt with in our next definition.

DEFINITION 1.5.5. An operator Z € B(H) is said to be normal if Z*Z = ZZ*.
PROPOSITION 1.5.6. Let Z € B(3H).
(1) Z is normal if and only if | Zx| = || Z*x| Vo € H.

(2) If Z is normal, then | Z2|| = ||Z*Z|| = ||Z||?; more generally, || Z%"|| =
1Z]1>" and consequently spr(Z) = ||Z|.
Proof. (1)

Z*7 =27 o (Z*Zxx)=(ZZ%x,x)VreXH
& ||Zz|)? = | Z 2| Vo € K.

(2) Suppose Z is normal. Then,

122 = sup{||Z%«|: ||lz| = 1}
= sup{||Z"Zx| : ||z|]| = 1} (by part (1) above)
12+ Z||
= |1z|?

where we have used Proposition 1.5.2(2) in the last step; an easy induction
argument now yields the statement about 2", which implies that || Z| =
7 = spr(Z).

lim,, o || 22"

O
We now have the tools at hand to prove a key identity.

PROPOSITION 1.5.7. If X € B(X) is self-adjoint, and p € C[t] is any polynomial
with complex coefficients, then

Ip(X)] = lIpllox) == sup{lp(t)] : t € o(X)}. (1.5.12)
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Proof. Notice that ¢ = |p|*> = pp is a polynomial with real coefficients, and
hence ¢(X) is self-adjoint. Deduce from Proposition 1.5.6 (2) and the spectral
mapping theorem (Proposition 1.4.18) that

PO = [Ip(X)*p(X)]

= [Ip(Xp(X)]
lg(X]|
= sup{[A]: A € o(g(X))
sup{lg(t)] : t € o(X)}
= llallox)

}

= pll ) -
as desired. 0

Just as every complex number has a unique decomposition into real and
imaginary parts, it is seen that each Z € B(H) has a unique Cartesian de-
composition Z7 = X + iV, with X and Y being self-adjoint (these being
necessarily given by X = 2(Z+Z*) and Y = L(Z — Z*), so that, in fact,
(Xz,2) = Re (Zz,z) and (Yz,z) = Im (Zx,x)). For this reason, we some-
times write X = Re Z,Y =Im Z.

For future reference, we make some observations on the Cartesian decom-
position of a normal operator.

PROPOSITION 1.5.8. Let Z = X + 1Y be the Cartesian decomposition of an
operator. Then, the following conditions are equivalent:

(1) Z is normal.
(2) 1Z2|® = | Xa|* + |[Y2|* Vo € H.
3) XYy =YX.
Proof. First notice that for Z = X 4 1Y, we have
1Zz|* = Xz +iVa|?
= || X2|® + ||Vz|* - 2Re (i(Xz, V)

while

12 Xz — Yz

| Xz||? 4 ||[Yz||® + 2Re (i(Xz,Yz)),
so that
1Z*2||* = |Zz]|* & Re (i(Xz,Ya)) = 0 & || Zz|* = | Xz|* + |V
Notice finally that

Re i(Xz,Yz) =0« (Xz,Yz) € R
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and that (since X,Y are self-adjoint)
(X, Yr) eRVz e He XY = (XY)" =YX,

The truth of the lemma is evident now. O

1.6 Approximate eigenvalues

DEFINITION 1.6.1. A scalar X\ € C is said to be an approximate eigenvalue of
an operator Z € B(H) if there exists a sequence {x,, : n € N} C S(H) such that
lim, o0 [|(Z — Nzy|| = 0. Here and in the sequel, we shall employ the symbol
S(H) to denote the unit sphere of H; thus, S(H) :={z € H: x| = 1}.

The importance — as emerges from [Hal] — of this notion in the context of
the spectral theorem (equivalently, the study of self-adjoint or normal opera-
tors) lies in the following result:

THEOREM 1.6.2. Suppose Z € B(H) is normal. Then:

(1) Z € GL(H) < Z is bounded below; i.e., there is an ¢ > 0 such that
|Zz|| > €llz|| Vx € H, equivalently, inf{||Zz| : z € S(H)} > € > 0
(assuming H #0).

(2) A€ o(Z) if and only if X is an approzimate eigenvalue of Z.
Proof. (1) If Z is invertible, then note that

lz = 127" Za|l < 127 ||| Z2]| Va

which shows that ||Zxz|| > ||Z71||7!||z|| V2 and that Z is indeed bounded
below.

If, conversely, Z is bounded below, deduce two consequences, viz.,

(a) Z* is also bounded below (by part (1) of Proposition 1.5.6)) and
hence ker(Z*)(= ker(Z)) = {0} so that ran(Z) is dense in 3 (by
part (3) of Proposition1.5.2).

(b) Z has a closed range (Reason: If Zx,, — y then {Zz,, : n € N}, and
consequently also {x,, : n € N}, must be a Cauchy sequence, forcing

y = Z(limy, 00 Tp).)

It follows from (a) and (b) above that Z is a bijective linear map of H
onto itself and hence invertible.

(2) Note first that (Z — X) inherits normality from Z, then deduce from (1)
above that A € o(Z) if and only if there exists a sequence z,, € S(H) such
that [|[(Z — N)a,|| < = Vn, ie., A is an approximate eigenvalue of z, as

desired.
O
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COROLLARY 1.6.3.
X=X" = oX)CR

Proof. If there exists a sequence {z,, : n € N} C S(H) satisfying the condition
(X — AN)zy|| — 0, then also (X — M)z, x,) — 0 and hence

A= lim Az, 2,) = lim (Xz,,2,) € R

n—r 00 n—oo
(by Corollary 1.5.3 (2)). O

For later reference, we record an immediate consequence of Theorem 1.6.2
(2) and Proposition 1.5.8 (2).

COROLLARY 1.6.4. Suppose A = a + i and Z = X 4+ iY are the Cartesian
decompositions of a scalar A and a normal operator Z respectively. Then the
following conditions are equivalent:

(1) Aea(2);

(2) There exists a sequence {x, : n € N} such that [[(X — a)x,|| — 0 and
1Y = B)zn — 0.

1.7 Important classes of operators

1.7.1 Projections

REMARK 1.7.1. The operator P € B(H) constructed in Theorem 1.4.13(4) is
referred to as the orthogonal projection onto the closed subspace M. When it is
necessary to indicate the relation between the subspace M and the projection
P, we will write P = Py and M = ran P (note that M is indeed the range of
the operator P); some other facts about closed subspaces and projections are
spelt out in the following exercises. O

EXERCISE 1.7.2. (1) Show that (SJ-)J_ = [S], for any subset S C K.

(2) Let M be a closed subspace of H, and let P = Py;
(a) Show that Py = 1— Py ;
(b) Let © € H; the following conditions are equivalent:
(i) x € M;
(i) x € ran P (:= PH);
(ii) Px = x;
(iv) [|Pal] = llall.
(¢) Show that M+ = ker P = {x € H: Pz =0}.
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(3) Let M and N be closed subspaces of H, and let P = Py, Q = Px; show that
the following conditions are equivalent:

(1) N CM;
(it) PQ = Q;
(i) ML NE;
(i) 1-Q)(1—P) = 1-P;
(iii) QP = Q.

(4) With M, N, P,Q as in (3) above, show that the following conditions are
equivalent:

(i) M LN —ie, NCM;
(ii) PQ = 0;
(iii) QP = 0.

(5) When the equivalent conditions of (4) are met, show that:
(a) MUN] = M+N = {z+y:xzeMyecN}; and that
(¢c) (P + Q) is the projection onto the subspace M + N.

(6) Show, more generally, that

(a) if {M; : 1 < i < n} is a family of closed subspaces of H
which are pairwise orthogonal, then their ‘vector sum’ defined by
YoM o= {0 o € M Vi) s a closed subspace and the
projection onto this subspace is given by Y., Py,; and that

(b) if {M,, : n € N} is a family of closed subspaces of H which are pairwise
orthogonal, and if M = [, ey Ma], then Py is given by the sum of the
series Y, oy P, which is interpreted in the SOT-sense (see Definition
2.2.4): meaning that (3, cn P, ) = Y, cn P, @, with the series on the
right side converging in the norm for each x € J.

Self-adjoint operators are the building blocks of all operators, and they
are by far the most important subclass of all bounded operators on a Hilbert
space. However, in order to see their structure and usefulness, we will have to
wait until after we have proved the fundamental spectral theorem. This will
allow us to handle self-adjoint operators with exactly the same facility with
which we handle real-valued functions.

Nevertheless, we have already seen one important special class of self-
adjoint operators as shown by the next result.
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PROPOSITION 1.7.3. Let P € B(3). Then the following two conditions are
equivalent:

(i) P = Py is the orthogonal projection onto some closed subspace M C H;
(ii) P = P? = P*.

Proof. (i) = (ii) : If P = Py, the definition of an orthogonal projection shows
that P = P?; the self-adjointness of P follows from Theorem 1.4.13(4) and

Corollary 1.5.3 (2).
(#i) = (1) : Suppose (i) is satisfied; let M = ran P, and note that

reM = Jye I suchthat =Py
= Px=Py=Py=u; (1.7.13)

on the other hand, note that

yeMt o (y,Pz)=0VYzeXH
& (Py,z) =0VzeH (since P = P*)
& Py =0; (1.7.14)

hence, if z € H and = Pz, y = Pp1z, we find from equations (1.7.13) and
(1.7.14) that Pz = Px + Py = x = Pyz. O

Direct Sums and Operator Matrices

If {M, : n € N} are pairwise orthogonal closed subspaces — see Exercise
1.72(5)(d) — and if M = [, ey My] we say that M is the direct sum of
the closed subspaces M;,1 < i <n, and we write

M= é M; ; (1.7.15)

n=1

conversely, whenever we use the above symbol, it will always be tacitly assumed
that the M;’s are closed subspaces which are pairwise orthogonal and that M
is the (closed) subspace spanned by them.

To clarify matters, let us first consider the direct sum of two subspaces.
(We are going to try and mimic the success of operators on C? being identifiable
with the operation of matrices acting on column vectors by multiplication.)

So suppose H = H; & Hy. We shall think of a typical element x € H as

1

a column vector z = , with x; € H;. Let P; = Py, so P;x = x; in the

above notation. If we think of P; as being an element of B(H,H;), then it is
easily seen that its adjoint is the isometric element V; of B(J;, H) described
thus:

o T - 0
V1I1—|: 0 :| and‘/gl‘g—|:x2:|.
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Given a T' € B(H), define T;; = P, TV; € B(J(;,7(;) and observe that we have
T The 1
T = . .
* [ Tor Too } [ T2 }

If we refer to ((73;)) as the matrix corresponding to 7', then the matrices
corresponding to P; and P, are seen to be

idsc, 0 0 0
[0 O]and{Oid%}'

More generally, if H = @,cnH;, K = P,y K, there exists a unique
matrix ((T3;)) with T;; € B(J;,K;) such that whenever ¢; € X; satisty
> jeN 1€]1> < oo (so that the series > jené; converges in I (to &, say), then
TE=) N (ZjeN Tijfj) — with the inner series converging in X; for each i € N
to n;, say, with >, [|7:]|* < 0o and T¢ = 37,7 In the special case when
each J{; and XK; is one-dimensional, this reduces to saying that if ' € B(J(, X)
and if {x; : j € N} (resp., {y; : ¢ € N}) is an orthonormal basis in H (resp.,
X), then the operator T' can be described by matrix multiplication in the fol-
lowing sense: if the vector 2 € H (resp., y € K) is thought of as the countably
infinite column matrix [z] = [5;] with 8; = (z,z;) (resp., [y] = [o;] with
a; = (y,vs)), and if [T] is the matrix ((¢;;)) with countably infinitely many
rows and columns with ¢;; = (T'z;,y;), then Te =y & o; = Zj tijB; Vi.

EXERCISE 1.7.4. (1) Verify the assertions of the previous paragraphs. (Hint:
The computation in the case of finite direct sums will show what needs to
be done in the infinite case.)

(2) With the notation of the paragraph preceding this exercise, verify that the
familiar E;; matriz whose only non-zero entry is a 1 in the (¢,7)-th spot
is the matriz of the operator denoted by (T; ® y;) in Exercise 3.2.11, and
defined in the paragraph preceding that exercise.

(8) Verify the following fundamental rules concerning the system {E;;}:
(1) Ejj = Eji ;
(2) EijEy = 01Ey
where the Kronecker symbol is defined by
s 11 ifp=gq
Pa 0 otherwise
1.7.2 Isometric versus Unitary

The two propositions given below identify two important classes of operators
between Hilbert spaces.
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ProprosITION 1.7.5. Let 3, K be Hilbert spaces; the following conditions on an
operator U € B(H,K) are equivalent:

(i) if {e; : 1 € I} is any orthonormal set in H, then also {Ue; : i € I} is an
orthonormal set in K;

(#i) there is an orthonormal basis {e; : i € I} for H such that {Ue; : i € I} is
an orthonormal set in K;

(wii) (Uz,Uy) = (x,y) V x,y € H;
(w) (U] = [l=]| V& € H;
(”U) UU = ].g-(.
An operator satisfying these equivalent conditions is called an isometry.

Proof. (i) = (ii) : There exists an orthonormal basis for .
(19) = (4i1) : If x,y € H and if {e; : 7 € I} is as in (4i), then

Uz, Uy) = <U(Z<x,ei>ei> , U(Z<y,ej>ej) >

iel Jel
= Z<x7ei><ej,y><U€mUej>
i,j€l
= Z<$,€i><€i,y>
i€l
= <1:ay> :

(791) = (iv) : Put y = x.
(iv) = (v) : If © € H, note that

({UUz,2) = ||Uz]]* = ||l2]]* = (lscz,2) ,

and appeal to the fact that a bounded operator is determined by its quadratic
form — see Corollary 1.5.3.
(v) = (@) : If {e; : i € I} is any orthonormal set in H, then

<U€i,U€j> = <U*U€Z‘,€j> = <€Z‘,€j> = 5ij .
[

PROPOSITION 1.7.6. The following conditions on an isometry U € B(H,X)
are equivalent:

(i) if {e; =i € I} is any orthonormal basis for H, then {Ue; : i € I} is an
orthonormal basis for K;

(#i) there is an orthonormal set {e; : i € I'} in H such that {Ue; : i € I}
is an orthonormal basis for K;

(iii) UU* = 1x;

(1v) U 1is invertible;
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(v) U maps H onto XK.

An isometry which satisfies the above equivalent conditions is said to be
unitary.
Proof. (i) = (ii) : Obvious.

(i4) = (#it) : If {e; : 4 € I} is as in (4i), and if © € K, observe that

UU*s = UU*(Z@,U@)U@)
iel
= ) (2, Ue)UU*Ue;
iel
= Z(m, Ue;)Ue; (since U is an isometry)
icl
= x.

(#41) = (iv) : The assumption that U is an isometry, in conjunction with
the hypothesis (iii), says that U* = UL,

(iv) = (v) : Obvious.

(v) = (@) : If {e; : ¢ € I} is an orthonormal basis for H, then {Ue; : i € I}
is an orthonormal set in H, since U is isometric. Now, if z € K, pick x € H
such that z = Uz, and observe that

Il = |[U=]]®
= [l

= Z |<x7€i>|2

icl

= Z |<Z7 Uei>|2 )

icl

and since z was arbitrary, this shows that {Ue; : i € I'} is an orthonormal basis
for X. t

Thus, unitary operators are the natural isomorphisms in the context of
Hilbert spaces. The collection of unitary operators from H to K will be denoted
by U(H,K); when H = K, we shall write UW(H) = U(H,H). We list some
elementary properties of unitary and isometric operators in the next exercise.

EXERCISE 1.7.7. (1) Suppose that H and K are Hilbert spaces and suppose
{e; i €I} (resp., {fi : i € I}) is an orthonormal basis (resp., orthonormal
set) in H (resp., K), for some index set I. Show that:

(a) dimH < dim K; and

(b) there exists a unique isometry U € B(H,XK) such that Ue; = f; Vi € I.

(2) Let H and X be Hilbert spaces. Show that:
(a) there exists an isometry U € B(H,X) if and only if dim H < dimK;
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(b) there exists a unitary U € B(H,XK) if and only if dim H = dim K.

(3) Show that W(H) is a group under multiplication, which is a (norm-) closed
subset of the Banach space B(3H).

(4) Suppose U € W(H,K); show that the association

B(H) > T ‘Y UTU* € B(X) (1.7.16)
defines a mapping (adU) : B(H) — B(X) which is an ‘isometric isomorphism
of Banach *-algebras’, meaning that:

(a) adU is an isometric isomorphism of Banach spaces: i.e., ad U is a
linear mapping which is 1-1, onto, and is norm-preserving; (Hint: verify that
it is linear and preserves norm and that its inverse is given by adU*.)

(b) adU is a product-preserving map between Banach algebras; i.e.,
(adU)(ThT3) = ((ad U) (Tl)) (adU)(Tg)), for all Ty, Ty € B(H);

(c) adU is a *-preserving map between *-algebras; i.e.,

((adU)(T))" = (adU)(T*) VT € B(%).

(5) Show that the map U+ (adU) is a homomorphism from the group U(H)
into the group Aut B(H) of all automorphisms (= isometric isomorphisms of
the Banach *-algebra B(JH) onto itself); further, verify that if U, — U in
W(H, X), then (adU,)(T) — (adU)(T) in B(X) for all T € B(H).

A unitary operator between Hilbert spaces should be viewed as ‘imple-
menting an inessential variation’; thus, if U € U(H,XK) and if T € B(H), then
the operator UTU* € B(X) should be thought of as being ‘essentially the
same as 1", except that it is probably being viewed from a different observer’s
perspective. All this is made precise in the following definition.

DEFINITION 1.7.8. Two operators T € B(H) and S € B(X) (on two possibly
different Hilbert spaces) are said to be umitarily equivalent if there exists a
unitary operator U € W(H,K) such that S =UTU*.

We conclude this section with a discussion of some examples of isometric
operators, which will illustrate the preceding notions quite nicely.

ExaAMPLE 1.7.9. To start with, notice that if H is a finite-dimensional Hilbert
space, then an isometry U € B(H) is necessarily unitary. (Prove this!) Hence,
the notion of non-unitary isometries of a Hilbert space into itself makes sense
only in infinite-dimensional Hilbert spaces. We discuss some examples of a non-
unitary isometry in a separable Hilbert space.

(1) Let H = ¢ (= (?(N) ). Let {e, : n € N} denote the standard or-
thonormal basis of H (consisting of sequences with a 1 in one co-ordinate and 0
in all other co-ordinates). In view of Exercise 1.7.7(1)(b), there exists a unique
isometry S € B(H) such that Se, = e, 1 Vn € N; equivalently, we have

S(al,ag,...) = (070[1,042,...).
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For obvious reasons, this operator is referred to as a ‘shift’ operator; in order
to distinguish it from a near relative, we shall refer to it as the unilateral shift.
It should be clear that S is an isometry whose range is the proper subspace
M = {e;}+, and consequently, S is not unitary.

A minor computation shows that the adjoint S* is the ‘backward shift’:

S*(al,ag, .. ) = (04270437 .. )

and that SS* = Py (which is another way of seeing that S is not unitary).
Thus S* is a left-inverse, but not a right-inverse, for S. (This, of course, is
typical of a non-unitary isometry.)

Further — as is true for any non-unitary isometry — each power S™ n > 1,
is a non-unitary isometry.

(2) The ‘near-relative’ of the unilateral shift, which was referred to earlier,
is the so-called bilateral shift, which is defined as follows: consider the Hilbert
space H = (?(Z) with its standard basis {e, : n € Z} for H. The bilateral
shift is the unique isometry B on H such that Be, = e,y; ¥n € Z. This
time, however, since B maps the standard basis onto itself, we find that B is
unitary. The reason for the terminology ‘bilateral shift’ is this: denote a typical
element of H as a ‘bilateral’ sequence (or a sequence extending to infinity
in both directions); in order to keep things straight, let us underline the 0-
th co-ordinate of such a sequence; thus, if z = ZZOZ_OC apeén, then we write
r=(...,a_1,00,01,...); we then find that

B(...,a_1,ag,1,...) = (...,0_2,a_1,00,...) .

(3) Consider the Hilbert space H = L?([0,1],m) (where, of course, m de-
notes ‘Lebesgue measure’) — see Remark 1.4.9(2) — and let {e,, : n € Z} denote
the exponential basis of this Hilbert space. Notice that |e,(x)| is identically
equal to 1, and conclude that the operator defined by

Whx) = erz)f(x) Vf e H

is necessarily isometric; it should be clear that this is actually unitary, since its
inverse is given by the operator of multiplication by e_.

It is easily seen that We,, = e,1 Vn € Z. If U : (?(Z) — 3 is the unique
unitary operator such that U maps the n-th standard basis vector to e,, for
each n € Z, it follows easily that W = UBU*. Thus, the operator W of this
example is unitarily equivalent to the bilateral shift (of the previous example).

More is true; let M denote the closed subspace M = [{e,, : n > 1}]; then
M is invariant under W — meaning that W (M) C M; and it should be clear that
the restricted operator Wiyt € B(M) is unitarily equivalent to the unilateral
shift.
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(4) More generally, if (X, B, u) is any measure space and if ¢ : X — C is
any measurable function such that |¢| = 1 p-a.e., then the equation

Myf = of ,f € L*(X,B,p)

defines a unitary operator on L*(X, B, ) (with inverse given by Mg). d






Chapter 2

The Spectral Theorem

2.1

C*-algebras

It will be convenient, indeed desirable, to use the language of C*-algebras.

DEFINITION 2.1.1. A C*-algebra is a Banach algebra A equipped with an adjoint
operation A > S — S* € A which satisfies the following conditions for all
S, TeA

(aS1+482)" = aSi+5;
(s = 8
(ST)* = T*S*
IT|[> = ||T*T| (C* — identity).

All our C*-algebras will be assumed to have a multiplicative identity,

which is necessarily self-adjoint (as 1* is also a multiplicative identity), and has
norm one — thanks to the C*-identity (||1]|2 = [|[1*1]| = ||1]|). (We ignore the
trivial possibility 1 = 0, i.e., A = {0}.)

EXAMPLE 2.1.2. (1) B(H) is a C*-algebra, and in particular M, (C) Vn, so

(2)

3)

also C = M;(C).

Any norm-closed unital *-subalgebra of a C*-algebra is also a C*-algebra
with the induced structure from the ambient C*-algebra.

For any subset S of a C*-algebra, there is a smallest C*-subalgebra of
A, denoted by C*(S), which contains S. (Reason: C*(S) may be defined
somewhat uninformatively as the intersection of all C*-subalgebras that
contain S, and described more constructively as the norm-closure of the
linear span of all ‘words’ in the alphabet {1} USUS* := {1} U{z:z €
S or x* € S}.) The latter description in the previous sentence shows that
C*({z}) is a commutative ‘singly generated” C*-subalgebra if and only if
x satisfies #*x = xa™; such an element of a C*-algebra, which commutes
with its adjoint, is said to be normal.
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(4) If ¥ is any compact space, then C'(X) is a commutative C*-algebra — with
respect to pointwise algebraic operations, f* = f and | f|| = sup{|f(z)] :
x € X} If 3 C R (resp., C), then the Weierstrass polynomial approxima-
tion theorem (resp., the Stone-Weierstrass theorem) shows that C(X) is a
commutative unital C*-algebra which is singly generated — with generator
given by fo(t) =t Vt € 3.

DEFINITION 2.1.3. A representation of a C*-algebra A on a Hilbert space H is

Just a *-preserving unital algebra homomorphism of A into B(J).
Representations m; : A — B(H;), i = 1,2, are said to be equivalent if there

exists a unitary operator U : Hy — Hy such that ma(a) = Um(a)U* Va € A.

REMARK 2.1.4. It is true that any representation — and more generally, any
unital *-algebra homomorphism between C*-algebras — is contractive. This is
essentially a consequence of (a) the C*-identity, which shows that it suffices to
check that ||7(z)|| < ||z]| V& = 2* (b) the fact that the norm of a self-adjoint
operator is its spectral radius, (see the last part of Proposition 1.5.6 (2)), and
(¢) the obvious fact that a unital homomorphism preserves invertibility and
hence ‘shrinks spectra’. Thus,

l(@)1* = lI7(2) m ()| = |7 (z"2)]

= spr(r(z*x)) < spr(zz) < [lz"z| = ||=]*.

But we will not need this fact in this generality, so we shall say no more about
it.

The observation that sets the ball rolling for us is Proposition 1.5.7.

PROPOSITION 2.1.5. Let ¥ C R be a compact set and let fo € C(X) be given by
fo(t) =t VvVt e X. If X € B(H) is a self-adjoint operator such that o(X) C %,
then there exists a unique representation 7 : C(X) — B(H) such that w(fo) =
X. Conversely given any representation 7 : C(X) — B(H), it is the case that
7w(fo) is a self-adjoint operator X satisfying o(X) C X.

Proof. To begin with, if X € B(H) is a self-adjoint operator such that
o(X) C X, then it follows from the inequality (1.5.12) that ||p(X)| g <
Ipllex)) < lplle) for any polynomial p. It is easily deduced now, from
Weierstrass’ theorem, that this mapping C[t] > p — p(X) € B(H) extends
uniquely to the desired *-homomorphism from C(X) to B(H).

Conversely, it is easily seen that fy — A is not invertible in C(X) if and

only if A € ¥ and as 7 preserves invertibility, we find that
o(X) = o(r(fo)) Colfo) =%

as desired. (Strictly speaking, we have only defined spectra of operators, while
we are here talking of the spectra of elements of unital Banach algebras — C'(X),
to be precise — but the definition is more or less the same.) O
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REMARK 2.1.6. Representations m; : C(3) — B(H;) are equivalent if and
only if the operators m;(fo),7 = 1,2 are unitarily equivalent. This is because a
representation of a singly generated C*-algebra is uniquely determined by the
image of the generator.

2.2 Cyclic representations and measures

Assume, for the rest of this book, that ¥ is a separable compact metric space.
Suppose 7 : C'(X) — B(H) is a representation of C'(X) on a separable Hilbert
space.

DEFINITION 2.2.1. A representation m : C(X) — B(H) is said to be cyclic
if there exits a vector x € H such that 7(C(X))x is a dense subspace of H.
In such a case, the vector x is called a cyclic vector for the representation. If
such a vector exists, one can always find a unit vector which is cyclic for the
representation.

Before proceeding, it will be wise to spell out a trivial, but nevertheless
very useful, observation.

LEMMA 2.2.2. If§; = {mgl) :j €A} is a set which linearly spans a dense sub-

space of a Hilbert space H; fori=1,2, and f( } (1)> <z§ (2)> for all
J,k € A, then there exists a unique unitary opemtor U:3 — 9{2 such that

Uzl = 2P vj e A

Proof. The hypotheses guarantee that the equation

(3 o)) = S al?
(=1 (=1

unambiguously defines a linear bijection Uy between dense linear subspaces of
the two Hilbert spaces preserving inner product, and hence extends uniquely
to a unitary operator U with the desired property. Uniqueness of such a U
follows from the fact that the difference between two such U’s would have a
dense linear subspace in its kernel. O

PROPOSITION 2.2.3. (1) If u is a finite positive measure defined on the Borel
subsets of X, then the equation

(7u(f)) (9) = fg Vf € C(%), g € L*(Z, )
defines a cyclic representation m, of C(X) with cyclic vector gy = 1.

(2) Conversely, if m : C(X) — B(H) is a representation with a cyclic vector
x, then there exists a finite positive measure p defined on the Borel subsets
of ¥ and a unitary operator U : H — L%*(X,u) such that Uz = go and

Un(HU* =mu(f) Vf € C(X).
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(8) In the setting of (1) above, there exists a unique representation m, :

L>(3, 1) — B(L*(Z, p)) such that (i) Tloesy = T, and (i) if {fn :
n € N} is such that sup,, || fullpe s, < 00 and f, — f p-a.e., then
170 (fr)g — Tu(gll2s,) — 0 Vg € LA(S, ).

Further, the measure p is a probability measure precisely when the cyclic

vector x is a unit vector.

Proof. (1) It is fairly clear that C'(X) 3 f — 7w,(f) € B(H) is a representa-

tion of C(X) and ||m,(f)llB2(,pn)) < [[fllLee(x,pu)- Clearly each m,(f) is
normal, and it follows from Theorem 1.6.2 (2) that

Aesp(mu(f)) & p{weX:|f(w)— A <e})>0Ve>0,

and in particular, ||m, ()] = spr(m.(£) = [ Fll (s < Ifloe)- it is a
basic fact from measure theory — see Lemma Al in the Appendix — that
go is indeed a cyclic vector for the representation .

Consider the functional ¢ : C'(X) — C defined by ¢(f) = (w(f)x,x). It
is clear that if f € C(¥) is non-negative, then also f2 € C(X) is non-
negative and, in particular, real-valued, and hence

O(f) = (m(f¥)z, 7(f%)z) > 0.

Thus ¢ is a positive — and clearly bounded — linear functional on C(X),
and the Riesz representation theorem — which identifies the dual space
of C(X) with the set M(X) of finite complex measures — guarantees the
existence of a positive measure p defined on the Borel sets of ¥ such that
(f) = [ fdp. It follows that for arbitrary f,g € C(X), we have

(m(f)z,m(g)z) = (w(gf)z, )
= ¢(3/f)

= / gf du
(mu(f) g0, mu(9)g0) -

An appeal to Lemma 2.2.2 now shows that there exists a unitary oper-
ator U : H — L*(X, ) such that Urn(f)z = 7,(f)go Vf € C(E). Set-
ting f = 1, we find that Uz = go. And for all g € C(X), we see that
Urn(f)U*n,(9)g0 = Un(f)n(g)x = m,(f)mu(g)xo with the result that,
indeed, Un(f)U* = 7, (f), completing the proof of (2).

Simply define 7,(¢)g = ¢g Vg € L*(X, u). Then (i) is clearly true, while
(i) is just a restatement of the bounded convergence theorem of measure
theory. The uniqueness assertion regarding 7, follows from the demanded
(i) and Lemma A2 in the Appendix.

O
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It would make sense to introduce a definition and a notation for a notion
that has already been encountered more than once.

DEFINITION 2.2.4. A sequence {X,, : n € N} in B(H) is said to converge in the
strong operator topology — henceforth abbreviated to SOT — if {X,x :n € N}
converges in the norm of I for every x € J. It is a consequence of the ‘uniform
boundedness principle’ that in this case, the equation

Xz = lim X,z

n—oo

defines a bounded operator X € B(H). We shall abbreviate all this by writing
sSOoT
X,

— X.

We record a couple of simple but very useful facts concerning SOT conver-
gence. But first, recall that a set § C JH is said to be total if the linear subspace
spanned by 8 is dense in H. (eg: any orthonormal basis (onb) is total.)

LEMMA 2.2.5. (1) The following conditions on a sequence {X, : n € N} C
B(H) are equivalent:

(a) Xp ST x for some X € B(H);
(b) sup, || Xn| < oo, and there exists some total set & C H such that
Xz converges for all x € §;

(c¢) sup,, || Xyn|| < oo, and there exists a dense subspace M C H such that
Xnx converges for all x € M.

(2) If sequences X, N X andY, X% v in B(H), then also X,,Y, sot

XY.

Proof. (1) The implication (a) = (b) follows from the uniform boundedness
principle, while (b) = (¢) is seen on setting M = \/ 8, the vector subspace
spanned by 8. As for (¢) = (a), if sup,, ||X,|| < K(> 0), note that the
equation X = lim,, X,z defines a linear map X : M — H with || Xz| <
K||z|| Yx € M; the assumed density of M ensures that X admits a unique
extension to an element of B(H), also denoted by X, with || X|| < K and
X,z — Xa Vo € M. Now, if z € H and ¢ > 0, choose 2/ € M such
that || — 2’|| < /3K, then choose an ng € N such that [|(X,, — X)z'|| <
€/3 ¥n > ng and compute thus, for n > ng:

(X5 = X)a]| 1(Xn = X) (@ = 2| + [|(Xn = X)2|

(2K)-= + <

<
< 3K 3

= €.

(2) Begin by deducing from the uniform boundedness principle that there
exists a constant K > 0 such that || X, || < K and ||Y,, || < K for all n. Fix
x € H and an € > 0. Under the hypotheses, we can find an ng € N such
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that ||(Y,, — Y)z|| < ¢/2K and ||(X,, — X)Yz| < ¢/2 for all n > ny. We
then see that for every n > ng

(XY, — XY)z|| = [[(XnY, — XY + XY — XY)z||
[ X (Yo = V)l + [[(Xn = X)Y 2|

<
< €,

thus proving that indeed X,,Y,, 59T xv.

O

The following important consequence of Proposition 2.2.3 is ‘one half’
of the celebrated Hahn-Hellinger classification of separable representations of
C(X). (See Remark 2.3.3.)

THEOREM 2.2.6. If 7 : C(X) — B(XH) is a representation on a separable Hilbert
space H, there exists a countable collection {j, : n € N} (for some countable
set N') of probability measures defined on the Borel-o-algebra By, such that w
is (unitarily) equivalent to ®m,, : C(Z) — B(@ L*(Z, un))-

Proof. Note that I is separable, as is the Hilbert space underlying any cyclic
representation of C'(X) (since the latter is separable). Also observe that 7(C(X))
is closed under adjoints, as a consequence of which, if a subspace of M C H is
left invariant by the entire *-algebra 7(C(X)), then so is M. It follows from the
previous sentence and a simple use of Zorn’s lemma, that there exists a count-
able (possibly finite) collection {z,, : n € N} (for some countable set V) of unit
vectors such that H = @, .y (7(C(X))z,). Clearly each M,, = (7(C(X))z,)
is a closed subspace that is invariant under the algebra 7(C(X)) and yields a
cyclic subrepresentation 7, (-) = 7(-)|a, . It follows from Proposition 2.2.3 (2)
that

™= @nENﬂ-TL ~ @ﬂ-ll«n ’

for the probability measures given by

/ f dpin = (7(f) T, Ta) -
>
[

LEMMA 2.2.7. In the notation of Proposition 2.2.3(3), the following conditions
on a bounded sequence {f,} in L>(u) are equivalent:
(1) the sequence {f,} converges in (u-) measure to 0;

@) Tu(fa) 2% 0.

Proof. (1) = (2): This is an immediate consequence of a version of the domi-
nated convergence theorem.
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(2) = (1): Since the constant function go = 1 belongs to L*(%,pu), it
follows from the inequality

Wlifa-flze) < e o~ £Pdp
{lfn="rlze}
< 2 [1fu- P
that indeed p({|fn — f| > €}) = 0 Ve > 0. O

THEOREM 2.2.8. Let w : C(X) — B(H) and {p, : n € N} be as given in
Theorem 2.2.6. Choose some set {e, : n € N} of strictly positive numbers
such that ), . €n = 1, and define the probability measure p on (3, Bx) by
B= 3 nen €ntin- Then, we have:

(1) For E € By, we have u(E) = 0 & p,(E) = 0 Vn € N. Further, ¢ €
L3, u) = ¢ € L2(E, pun) Vn € N and sup,, |¢]|poo(u,) = |9l Lo () -

(2) The equation @™ = €D, cn Ty, defines an isometric representation T :
L>(X,u) — B(H) such that the following conditions on a uniformly
norm-bounded sequence {¢y, : n € N} in L (u) are equivalent:

(a) ¢n — 0 in measure w.r.t. p.
(b) én — 0 in measure w.r.t. fby, for all m.
(c) 7#(n) * 0.

Proof. Before proceeding with the proof, we wish to underline the (so far un-
written) convention that we use throughout this book: we treat elements of
different LP-spaces as if they were functions (rather than equivalence classes of
functions agreeing almost everywhere.).

(1) Since €, > 0 Vn € N, it follows that u(E) =0 < pu,(E) =0Vn € N.

Since a countable union of null sets is also a null set, it is clear that
if ¢ € L*(u), we may find a p-null set F' which will satisfy the condition
|6l Loe () = sup{|¢(N)| : X € ¥\ F}. For E € By we have u(E) =0 <
pn(E) =0VYn € N. Let F,, = FU{%2 = 0}. Clearly,

Nn(ﬂmeN Fpn) < pn(Fn) =0 Vn
s0, also pu((,,cn Fm) = 0. Since (),,cn Fm) DO F, we see thus that

16ll=(y = sup{|o(\)|: A€ S\ Npen Fin}
= SUP{|¢()‘)| tAE UmeN(E\Fm)}
= swp sup{|p()|: X € B\ Fin}

= sup |9l zoe () -
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(2) If ¢ € L*°(u), then

17 = sup |7, (9

me

= sup [[9llz(um)
meN

= |@llzquy by part (1) of this Theorem

so 7 is indeed an isometry.
Suppose sup,,ey [|[Pnl o (u) < C < o0
(a) = (b) : This follows immediately from g, < e, .

(b) = (a) : Let d,e > 0. We assume, for this proof, that the index
set IV is the whole of N; the case of finite N is trivially proved. First choose
N’ € N such that > 0"\, €m < €/2. Then choose an ng so large that
n > ng = pm({|on] > d}) < €/2N’€,,; and conclude that for an n > no,
we have

N’ 00
n({lon] > 0}) < Zﬁmﬂm({|¢n|>5})+ Z €m
m=1 m=N’+1

N/
€ €
< me——— =
mzzlﬁ 5N7e. T3

€

(b) = (¢): As ||7(¢n)|| < C Vn, using Lemma 2.2.5 it is enough to
prove that lim,, . 7(¢,)z = 0 whenever = ((z.,)) € @,o_, L*(um) is
such that x,, = 0V m # k for some one k. By Lemma 2.2.7, the condition
(b) is seen to imply that |7, (¢n)zk|| = 0; but ||7(dn)z|| = |70, (én) k]|
and we are done.

(¢) = (b): If condition (c) holds, it can be seen by restricting to

the subspace L?(fi,,) that 7, (¢n) sot 0, and it now follows by applying

Lemma 2.2.7 that the sequence ¢,, — 0 in measure with respect to p,, for
each m € N.

O

2.3 Spectral Theorem for self-adjoint operators

Throughout this section, we shall assume that X € B(H) is a self-adjoint
operator and that ¥ = o(X). In the interest of minimising parentheses, we shall
simply write C*(X) rather than C*({X}) for the (unital) C*-algebra generated
by X. As advertised in the preface, we shall prove the following formulation of
what we would like to think of as the spectral theorem.
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THEOREM 2.3.1. [Spectral theorem for self-adjoint operators]

(1)

(2)

(Continuous Functional Calculus) There exists a unique isometric *-

algebra isomorphism
CE)s f— f(X)eC"(X)

of C(X) onto C*(X) such that fo(X) = X .1
(Measurable Functional Calculus) There exists a measure p defined on
By, and a unique isometric *-algebra homomorphism

L=, 1) 3 f e f(X) € B(K)

of L™=(3, ) into B(H) such that (i) fo(X) = X, and (i) a norm-bounded
sequence {f, : n € N} in L>®(X, u) converges in measure w.r.t. u (to f,
say) if and only if the sequence {f,,(X) : n € N} SOT converges (to f(X)).

Proof. (1) It follows from Proposition 2.1.5 that there exists a unique repre-

sentation 7 : C(3) — B(H) such that 7(fy) = X. As for the ‘isometry’
assertion, observe that for any p € CJ[t], the spectral mapping theorem
ensures that

()l Bae) = spr(p(X)) = llplls = llplle)

and the Weierstrass approximation theorem now guarantees that

I (B =1flew) Ve CE)
as desired.

As f — f(X) is a representation, say m, of C(X), if p and 7 are as in
Theorem 2.2.8 (2), the equation 7(¢) = ¢(X) defines a measurable func-
tional calculus with the desired properties. Thanks to Lemma A2 in the
Appendix, there can be at most one isometric (unital) *-homomorphism
of L (X, p) into B(H), i.e., a measurable functional calculus, which (7)
extends the continuous functional calculus 7 and (i) maps uniformly
bounded sequences converging in measure (w.r.t. p) to SOT convergent
sequences.’ So we see that there indeed exists a unique *-homomorphism
from L>(X, 1) into B(H) with the desired property.

O

COROLLARY 2.3.2. If pu;,i = 1,2 are two probability measures satisfying the
conditions imposed on p in Theorem 2.3.1, then pi and po are mutually ab-
solutely continuous. In particular, the Banach algebra L>° (X, 1) featuring in
Theorem 2.3.1 (2) is uniquely determined by the operator X, even if p itself is

not.

IRecall that ¥ C R — see Corollary 1.6.3 — and that fo denotes the function fo : ¥ — R
defined by fo(t) =t.
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Proof. Suppose 7; : L>®(X, ;) — B(H),i = 1,2 are isometric *-isomorphisms
which (i) extend the continuous functional calculus (call it 7 : C(X) —
C*({X1})), and (ii) satisfy the convergence in measure — sequential SOT con-
vergence homeomorphism property as in part (2) of Theorem 2.3.1. Define
v = (u1 + p2)/2. Then convergence in measure w.r.t v implies convergence in
measure w.r.t. p; for 1 = 1,2 since p; < 2v.

Suppose p1(E) = 0 for some E € Be.

Then appeal to Lemma A2 of the Appendix to find a sequence {f, : n €
N} ¢ C(X) such that ||f,|| <1 v-a.e. and such that f, — 1g in measure w.r.t.
v. Then also f, — 1lg in measure w.r.t. u;,1 = 1,2. Then the assumptions
imply that

m(lp) = SOT —limm(fy)
= SOT —limm(fa)
= 7T1(1E>
0

and hence s (F) = 0. By toggling the roles of 1 and 2, we find that p; and uo
are mutually absolutely continuous, thereby proving the corollary.

The last assertion is an off-shoot of the statement that the ‘identity map’ is
an isometric isomorphism between L spaces of mutually absolutely continuous
probability measures. O

REMARK 2.3.3. (1) Our proof of the spectral theorem, for self-adjoint opera-
tors, actually shows that if ¥ is a compact metric space and 7 : C(X) —
B(¥H) is a representation, i.e., a unital *-homomorphism, on a separa-
ble Hilbert space, there exists a probability measure p defined on By —
which is unique up to mutual absolute continuity — and a representation
7 L®(u) — B(H) which is uniquely determined by (i) 7 ‘extends’ m,
and (74) a norm-bounded sequence {f, : n € N} C L*(u) converges to 0
in (p) measure if and only if 7(f,,) SOT-converges to 0.

(2) Further, if 7 is isometric, so is 7 and in particular, if U is a non-empty
open set in ¥, then u(U) # 0, or equivalently (1) # 0.

(3) All this is part of the celebrated Hahn-Hellinger theorem which says: the
representation 7w is determined up to unitary equivalence by the mea-
sure class (w.r.t. mutual absolute continuity) of p and a measurable
spectral multiplicity function m : ¥ — ({0} UN) := {0,1,2,--- ,Rg},
which is determined uniquely up to sets of u measure zero; in fact if
E,, =m~%(n), n € {0} UN, then 7 is unitarily equivalent to the represen-
tation on @, cx L*(En, ptlg,) © Hy given by @, cx Ty, © idsc,, where
J,, is some (multiplicity) Hilbert space of dimension n.
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2.4 The spectral subspace for an interval

This section is devoted to a pretty and useful characterisation, from [Hal], of the
spectral subspace for the unit interval. We first list some simple facts concerning
spectral subspaces (= ranges of spectral projections). We use the following
notation below: for a self-adjoint operator X, let M x (E) = ran 15(X). We also
use the as yet undefined notions (but only the definition) of order and positivity
— see Proposition 2.8.12, especially part (b) and the final paragraph in it — in
the following Proposition.

PROPOSITION 2.4.1. Let X € B(H) be self-adjoint. Then,
(1) alle] < (Xa,z) < bllz]]? Vo € M ([a,b);
(2) X1jg o) (X) 2 0;
(3) €>0,2.€ Mx(R\ (to — € to +€)) = [[(X —to)x| > el|z];;
(4) to € o(X) & Mx((to — €,to + €)) # {0} Ve > 0; and
(5) Mx ({to}) = ker(X —to).

Proof. (1) Notice first that *-homomomorphisms of C*-algebras are order-
preserving since

<y = y—x>0 (i.e,Izsuch that y —z = 2"2)
= w(y) —7(x) =7y —z) =n(z)"r(2) 20
= w(z) <(y)

Hence
al[a,b] (t) < tl[a,b] (t) < bl[mb] (t) = al[a,b] (X) < Xl[a,b] (X) < bl[a7b] (X)

and the desired result follows from the fact that 1j,,(X)z = = Vo €
Mx([a, b])-
(2) This follows from (1) since 1 o0y (X) = 1o, x(X)-

(3) It follows from (1) that if 2 € Mx (R \ (to — €, to 4 €) = M(x_to)2([€%
(by the spectral mapping theorem), then €2||z||? < ((X — to)?z,x
(X —to)z|*.

(4) If p is as in Theorem 2.3.1 (2), observe that

00))
)

to ¢ o(X) & (X —ty) € GL(KH)

(fo — to) is invertible in L= (o (X), u)

Je > 0 such that |fo —to| > € p — a.e.

Je > 0 such that u((to — €,t0+¢)) =0

Je > 0 such that Mx ((to — €,t9 +€)) = {0} .

t oo
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(5) Clearly X commutes with 15(X) VX and hence the subspace Mx (E) is
invariant under X for all F, X. It follows from (1) above that (Xoz,z) =
tol|z||* Vo € Mx{to} where Xo = X/, ({t,}) and hence ker(X —t) D
Mx ({to}). Conversely, if x € ker (X — tg), then for any € > 0, we have
(X = t0) 1\ (tg—e to+e) (X) (@) = 1R\ (tg—e,t0+¢) (X) (X — o) () = 0, whence
LR\ (ty—e,to+¢)(X)z = 0 by (3) above. So x € Mx(to — €,t9 + €); since €
was arbitrary, we have z € (.o, Mx (to —€,to +¢€) = Mx({to}), so indeed
ker (X — t()) = Mx({to}).

e>0

O

Now we come to the much advertised pretty description by Halmos of
Mx ([=1,1]).
PROPOSITION 2.4.2. Let X = X* be as above, and let x € H. The following
conditions are equivalent:
(1) x € Mx([-1,1)).
(2) | X"z|| < ||lz|| Vn € N.
(3) {||X"z|| : n € N} is a bounded set.
Proof. (1) = (2): The operator X leaves the subspace Mx ([—1,1]) invariant,
and its restriction X to this spectral subspace satisfies —1 < X; < 1 (by
Proposition 2.4.1(1) and hence || X || = spr(X;) < 1 whence also || X]]| < 1, as
desired.
(2) = (3) is obvious.
(3) = (1): If we let 2y = 1j_; 1)(X )z, we need to show that x = xy; for
this, note that

r—xTr = (1 — 1[,1’1] X))x

(
Ip\[—1,1](X)z
= hm 1]R\In (X):L’

n—oo

where we write the symbol I,, to denote the interval (—1 — %,1 + %), so it
suffices to show that 1g\;, (X)z = 0 Vn. Indeed, if there exists some n such
that y, = lg\7,(X)z # 0, it would follow from Proposition 2.4.1 (3) that
| Xynll = (14 )llyn ]l and that hence [| X[l > ||1gyr, (X)X x| = [ X"y, >
(14 2)™[|yn|l. So the sequence {||X™z| : m € N} is not a bounded set if any

Yn 7 0. g
COROLLARY 2.4.3. (1) z € Mx([to — €,t0 +¢€]) < {(X%t)nx :n € N} is
bounded.

(2) If a Y € B(H) commutes with X, ie., Y X = XY, then Y leaves Mx (I)
inwvariant for every bounded interval I.

Proof. (1) This follows by applying Proposition 2.4.2 to (X — tg)/e rather
than to the operator X.
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(2) f YX = XY and if T is a compact interval (which can always be written
in the form [ty — €,t9 + €]), it follows from (1) above that

X —to
€

zeMx([to—e,to +¢) = {(

X —to\"
N {Y( °> x:nEN} is bounded
€

X —to\"
= {( 0) Y:r::nEN} is bounded

€

) T:n € N} is bounded

= YzeMx([to—eto+€),

so Y leaves the spectral subspaces corresponding to compact intervals
invariant.

If T is an open interval, there exist an increasing sequence {I,, :
n € N} of compact intervals such that I = (J, .y I,,- But then 1;(X) =
SOT —lim,, o0 17, (X) and Mx (1) = (lJ,, Mx (I)). The previous para-
graph shows that Y leaves each Mx (I;,), and hence also M(I), invariant.

Similar approximation arguments can be conjured up if I is of the
form [a,b) or (a,b]. (For example, [a,b— 2] 1 [a,b) and [a + L,b] 1 (a,b].)
d

2.5 Finitely many commuting self-adjoint operators

We assume in the rest of this chapter that Xi,...,X,,,... are commuting self-
adjoint operators on H.

DEFINITION 2.5.1. Consider the set ¥y = X(X1,...,Xk) consisting of those
(A1, ..., M) € RF for which there exists a sequence {x,, : n € N} of unit vectors
in 3 such that im, o ||(X; — X))zl = 0 for 1 < i < k. Thus Xy consists
of k-tuples of scalars which admit a sequence of ‘simultaneous approxrimate
eigenvectors’ of the X;’s, and will be referred to simply as the joint spectrum
Ole,...,Xk.

If (A1,...,\p) € Xk, it is clear that \; € o(X;) for 1 < i < k, and in
particular 3y C Hle o(X;) and is hence bounded.

LEMMA 2.5.2. (1) Xk is a compact set for k > 0; and
(2) If k > 0 then pry (k) = X(Xk), where pr), : R¥ — R denotes the projec-

tion onto the k-th coordinate; in particular, Xy # (.

Proof. (1) We have already seen above that Xy is bounded, so we only need
to prove that it is closed. So suppose ()\gn), ceey )\,(Cn)) € Y for each n € N
and )\E-n) — Aj for each 1 < j < k. Pick any € > 0. Then ()\gn)’ cee )\,(C")) €
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3 = Jx € S(J) such that ||(X; — )\gn))xH <¢€/2 for 1 <j <k (and for

all n). Next, )\;n) — A\; = 3n such that |)\§-n) — \j| < €/2. Thus, for any
e > 0, we have shown that Jz € S(H) such that

X5 = Azl < 1 = Az + A — x| <efor 1< j<k

and indeed (A1,...,A;) € Xk and Xy is closed.

(2) We shall prove the result by induction on k. For k = 1, assertion (2)
follows from Theorem 1.6.2 (2) and the non-emptiness of o(X7).

Suppose now that the Theorem is valid for k, and suppose we
are given commuting self-adjoint operators Xi,..., Xp, Xx11. Let us
prove that Agy1 € o0(Xgy1) implies that there exists (Aq,...,A\x) €
E(Xl, R ,Xk) such that ()\1, R VA )\k+1) S E(Xl, s 7Xkan+1)-

For each n € N, let M, = Mx,., (k1 — L, Aeq1 + 1), where we
continue to use the notation Mx (E) := 1g(X) of the last section. By
Proposition 2.4.1 (4), we see that M,, # {0} ¥n. By Corollary 2.4.3 (2),
each X; leaves M, invariant. Define X;(n) = X;|n, V1 < i < k,n € N.
Deduce by induction hypothesis that Xy (n) := Zx(X1(n),..., Xip(n)) #
() ¥n. Since {M,, : n € N} is a decreasing sequence of subspaces, it is clear
that also {Zk(n) : n € N} is a decreasing sequence of non-empty compact
sets. The finite intersection property then assures us that we can find a
(A1,...,Ax) in the non-empty set [,y Xk(n). Hence, by definition of
the joint spectrum of commuting self-adjoint operators, we can find unit
vectors @, € M, such that ||(X; —A;)z,[| = [|(X;(n) =N || < £+ for 1 <
i < k, and n € N. On the other hand, it follows from the definition of M,,
that [|(Xg+1 — Mer1)@n|| < L. Thus, [[(X; — Aj)z,|| < 2 V1 <i<k+1for
every n € N; in other words, (A1,..., Ak, Agr1) € B( X1, .o, Xy Xig1)-
Since X(Xjy1) = 0(Xk11) # 0 the proof is complete.

U

PROPOSITION 2.5.3. For any polynomial p € Clty, ..., tx], the operator Z =
p(X1,...,Xg) is normal, and

(1) o(Z) = p(Zx); and

(2) |Ip(X1,...., Xk)| = |Iplls,., where the p on the right is the evaluation func-
tion on Xy given by the polynomial p.

Proof. (1) Let ¢ = 5(p+p),7 = 5:(p—p) and X1 = ¢(X1,..., Xp), Yay1 =
r(X1,...,Xg). Then clearly ¢,r € R[t1,...,tx], so that Xp41 and Yjiq
are self-adjoint operators commuting with X7, ..., X} and with each other
as well (so Z is indeed normal). Since it follows from Corollary 1.6.4 that
A=a+if € 0(Z) & a € 0(Xp1) and B € 0(Yi41), we see that it
suffices to prove the case when p = ¢ is real-valued and Z = Xy is a
self-adjoint operator which is a real polynomial in X7, ..., X} (and hence
commutes with each X; ).
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Suppose Agy1 € 0(Xpy1). It then follows from Lemma 2.5.2
that there exists (A1,...,Ap) € X such that (Aq,..., A g, App1) €
(X1, .., Xk, Xgt1). Thus there exists a sequence {x,, : n € N} of unit
vectors in H such that ||(X; — \;)x, || — 0 V1 <i < k4 1. Tt follows easily
from this requirement for the first & i’s that then, necessarily, we must have
lp(Xy, -, Xg)—p(A1, -+, Ak)]@n || — 0 while also [[(Xg11—Aps1)Tnl| —
0, which forces A1 = p(A1, -+, A\g); in view of the arbitrariness of Ag41,
this shows that o(Xy41) C p(Xk). Conversely, it must be clear that if
(A, Ak) € 3k, then p((Ag,...,\r)) is an approximate eigenvalue of
p(Xy, -, Xg) and thus, indeed, o(p(X1, -+, X)) = p(X( Xy, -+, Xk)).

(2) This follows immediately from (1) above and Proposition 1.5.6 (2).
O

COROLLARY 2.5.4. With the notation of Proposition 2.5.3, we have:

(1) The ‘polynomial functional calculus’ extends uniquely to a isometric *-

algebra isomorphism

CE)2f5 f( Xy, , Xp) € C*({ X1y, X1} 5

(2) There exists a probability measure p on By, and an isometric *-algebra
monomorphism 7 : L (u) — B(H) such that (i) © ‘extends’ w, and (ii) a
norm-bounded sequence { f, : n € N} in L>(u) converges to the constant
function 0 in (u) measure if and only if ©(fn) SOT-converges to 0.

Proof. (1) This follows from Proposition 2.5.3(2) and a routine application
of the Stone-Weierstrass theorem, to show that the collection of complex
polynomial functions on a compact subset X of R, by virtue of being a
self-adjoint unital subalgebra of functions which separates points of X, is
dense in C'(X).

(2) This is a consequence of item (1) above and Remark 2.3.3.

2.6 The Spectral Theorem for a normal operator

We are now ready to generalise Theorem 2.3.1 to the case of a normal operator.
This is essentially just the specialisation of Corollary 2.5.4 for k = 2.

Thus, assume that Z = X 4+ iY € B(H) is the Cartesian decomposition
of a normal operator and that ¥ = o(Z). In view of Proposition 2.5.3 (1), we
see that ¥ = {s+ it : (s,t) € X(X,Y)}, and we may and will identify ¥ C C
with ¥(X,Y) C R2

In the following formulation of the spectral theorem for the normal oper-
ator Z (as above), the functions f;,;i = 1,2 denote the functions f; : ¥ — R
defined by f1(z) = Re z, fa(2) = Im z. We omit the proof as it is just Corollary
2.5.4 for k = 2.
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THEOREM 2.6.1. (1) (Continuous Functional Calculus) There ezists a unique
isometric *-algebra isomorphism

CXE)>fw f(Z)eC(2)

of C(X) onto C*(Z) such that f1(Z) =X, f2(Z) =Y.
(2) (Measurable Functional Calculus) There exists a measure j defined on
By and a unique isometric *-algebra homomorphism

L¥(%,p) 3 f = f(Z) € B(X)

of L>(3, n) into B(H) such that (i) f1(Z) = X, f2(Z) =Y, and (i)
a norm-bounded sequence {f, : n € N} in L(X,u) converges in (u)-
measure to [ if and only if the sequence {f,(Z) : n € N} SOT-converges

to f(Z2).

Now we proceed to the conventional formulation of the spectral theorem
in terms of spectral or projection-valued measures P : Be — B(H).

THEOREM 2.6.2. Let N be a normal operator on a separable Hilbert space JH.
Then there exists a unique mapping P := Py : Be — B(H) such that:

(1) P(E) is an orthogonal projection for all E € Be¢;

(2) E— P(E) is a projection-valued measure; i.e., whenever {E,, :n € N} C
Be is a sequence of pairwise disjoint Borel sets, and E =[], .y En, then
P(E) =3, en P(Er), the series being interpreted as the SOT-limit of the
sequence of partial sums;

(8) for x € H, the equation P, ,(E) = (P(E)x,x) defines a finite positive
scalar measure with Py ,(C) = ||z|?;

(4) for z,y € I, the equation P, ,(E) = (P(E)z,y) defines a finite complex
measure, with the property that

(Nz,y) = /C APy, (N) (2.6.1)

more generally for any bounded measurable function f: C — C, we have

(V) y) = /C FN) APy, () ; (26.2)

(5) the spectral measure P is ‘supported’ on the spectrum of N in the sense
that P(U) # 0 for all open sets U that have non-empty intersection with
Y :=0(N) - or equivalently 3 is the smallest closed set with P(3) = 1.
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Proof. Ezistence: Use the measurable functional calculus to define P(E) =
InN(E). As 1 = T = 1%, we see immediately that P(E) = P(E)* = P(E)?,
and hence (1) is proved. As for (2), note that the pairwise disjointness assump-
tion ensures that 1j»_ g, = > p_; 1g,, while [[;_; Ex T ][ ey Ex implies
P(I1;2, Ex) = SOT-lim,,_,o P([1_, Ex), thus establishing (2).

Since (Qz,x) = [|Qz|* > 0 for any projection @, item (3) follows imme-
diately from item (2). The polarisation identity and the definitions show that
P, = iZ?:o iij+ijy7m+ijy, thereby demonstrating that P, , is a complex
linear combination of four finite positive measures, and is hence a finite com-
plex measure. To complete the proof of item (4), it suffices to prove equation
(2.6.2) since equation (2.6.1) is a special case (with f(z) = 1x(z)z). Equation
(2.6.2) is, by definition, valid when f is of the form 1, and hence by linearity,
also valid for any simple function. For a general bounded measurable function
f, and an € > 0, choose a simple function s such that ||s — f|| < e uniformly.
Then,

(FV),3) — (V) )] < el ]
and
[ rape,~ [sap.,| <)

SO

@) = [ £aPoy| < el ol + 122y )

As e was arbitrary, we find that equation (2.6.2) indeed holds for any bounded
measurable f.

As for (5), suppose P(U) = 0 for some open U, and zy € U. Pick e > 0
such that D = {z € C: |z — 2| < ¢} C U. Then P(U) =0= P(D) =0 =
I1pllzeeuy = 0 = p(D) =0 = f(J+Z(J € L™®(u) = z ¢ o(N), so, indeed
P(U)=0,U open = UNX = 0.

Uniqueness: If, conversely P is another such spectral measure satisfying the
conditions (1)—(5) of the theorem, it follows from equation (2.6.2) that

/sz” APy, (2) = (N N*"z,y) = /sz” dP, ,(z) Ym,n € Zy .

Since functions of the form z — 2"z" span a dense subspace of C'(X), thanks
to the Stone-Weierstrass theorem, it now follows from the Riesz representation
theorem that P, , = P,,. The validity of this equality for all ,y € H shows,
finally, that indeed P = P, as desired. O

REMARK 2.6.3. Now that we have the uniqueness assertion of Theorem 2.6.2,
we can re-connect with a way to produce probability measures in the measure
class of the mysterious p appearing in the measurable functional calculus. If P
denotes the spectral measure of X, the following conditions on an E € By, are
equivalent:
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(1) 1e(X)(= P(E)) = 0.
(2) u(E)=0.
(3) Ppo(E) =0 for all z in a total set § C J.

Hence, a possible choice for pu is ) 27" P, ¢, where {e, : n € N} is an
orthonormal basis for K.

Incidentally, a measure of the form P, , is sometimes called a scalar spec-
tral measure for V.

Reason: (1) < (2) This is because L (u) 3 f +— f(X) € B(H) is isomet-
ric by Theorem 2.3.1 (2).

(1) < (3) This is because (i) for a projection P — in this case, P(F) —
(Px,z) =0« Pz =0, and (i) a bounded operator is the zero operator if and
only if its kernel contains a total set.

REMARK 2.6.4. To tie a loose-end, we wish to observe that || P, || < ||| ||y]|.
This is because

1Pl =int (K > 0:| [ £dP.,| < Klflow Vf € C)

and
[ [#apa) = (g2
< 10N el g
< e el sl

REMARK 2.6.5. This final remark is an advertising pitch for my formulation
of the spectral theorem in terms of functional calculi, in comparison with the
conventional version in terms of spectral measures: the difference is between
having some statement for all bounded measurable functions and only having
it for indicator functions and having to go through the exercise of integration
every time one wants to get to the former situation!

EXERCISE 2.6.6. Let 7, : L>(n) — B(L*(u)) be the ‘multiplication represen-
tation’ as in Proposition 2.2.3. Can you identify the spectral measure Py where
N = 7,(f)? (Hint: Consider the cases ¥ = {z € C: |z| = 1} and f(z) = 2"
with n = 1,2, ..., in increasing order of difficulty as n varies.)

2.7 Several commuting normal operators

2.7.1 The Fuglede Theorem

THEOREM 2.7.1. [Fuglede] If an operator T commutes with a normal operator
N, then it necessarily also commutes with N*.
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Proof. When H is finite-dimensional, the spectral theorem says that N ad-
mits the decomposition N = Zle \iP; where o(N) = {\1,..., \x} and
P; = 14,3 (IV); observe that P; = p;(N) for appropriate polynomials p1, ..., py,
and deduce that 7' commutes with each P; and hence also with f(NN) for any
function f : o(N) — C, and in particular with N* = fy where fo(2) = 2.

We shall similarly prove that T commutes with each spectral projection
1g(N), E € B¢ and hence also with f(NN) for each (simple, and hence each)
bounded measurable function f, and in particular, for f(z) = 1,(x)(2)z. Note
that 7' commutes with a projection P if and only if T leaves both M and M*
invariant, where M = ran(P).

We shall write M(E) = ran 1g(N). Since M(E)* = M(E’) (where we
write £/ = C\ E), we see from the previous paragraph that Fuglede’s theorem
is equivalent to the assertion that if 7" commutes with a normal N, then T
leaves each M(E) invariant — which is what we shall accomplish in a sequence
of simple steps:

Define F = {E € B¢ : T leaves M(F) invariant}, so we need to prove that
F = Be.
(1) Write D(zp,7) = {2 € C: |z — 2| < r} and simply D = D(0,1), so the

closure D = {z € C : |z|] < 1} . We shall need the following analogue
of Proposition 2.4.2 for normal operators: The following conditions on an
r € H are equivalent:
(1) z € M(D).
(2) [N"z[| < ||z Vn € N.
(3) {lIIN"z|| : n € N} is a bounded set.
Reason: (a) = (b):

z215(2) < 1= N*Nlg(N) < idgc = ||Nz|* <1 Ve € M(D) .

(b) = (c) is obvious.
(c) = (a) Let @y, := 1p, 51413 (N)x Vm € N; then, for all n € N,
we have, by Proposition 2.4.2,

IN?"]| = [[(N*N)" ]|

Y

11114 2 y2,00) (N * N)(N*N)" x|

1\2n
(14 =) lzmll
m

and now, the assumed boundedness condition (¢) implies that we must

have x,, = 0 ¥m and hence that z = x — lim,, 00 T, € M(D); and the
proof of the normal analogue of Proposition 2.4.2 is complete.

Y

Since
|N"Tz|| = [|[TN"z|| < ||T[[[|N"z]],

condition (c) above implies that if x € M(DD), then also Tz € M(D); so
Ded.
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(2)

3)
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D(z,r) e FVze C,r > 0.

Reason: This follows by applying item (1) above to (N;Z)
F is closed under countable monotone limits, and is hence a ‘monotone
class’.

Reason: If E, € F ¥Vn and if E, 1 E (resp., E, | E), then

15, (N) "7 15(N) so that M(E) = (UM(E,)) (resp., M(E) =

(M(E,)) whence also F € F.
F contains all (open or closed) discs.

Reason: The assertion regarding closed discs is item (2) above, and
open discs are increasing unions of closed discs.

F contains all (open or closed) half-planes.

Reason: This is because (i) every open half-plane is an increasing
union of closed discs (for example, R, :={z € C: Rez > a} =, {z €
C: |z = (a+n)| <n}); and (i) every closed half-plane is a decreasing
intersection of open half-planes (eg: {Rez >a — 1} | {Rez > a}.)

However, we will only need this fact for the special half-planes
Ry,Ly = {z € C:Rez <b},U. = {2 € C:Imz > c},Dy = {z €
C:Imz <d}.

F is closed under finite intersections and countable disjoint unions.

Reason: 1nn_ g, = [[j_11m, = MO, Bi) = ey M(E;) so if
Ei,...E, € F, and z € M(N_, E:), then z € M(E;) Vi and Tz €
M(N, E;), so iy E; € F. Similarly M([[)2, E,) = [U,—; M(E,,)] im-
plies that JF is closed under countable disjoint unions.

F = Bc¢.

Reason: Tt follows from items (5) and (6) above that F contains
(a,b] x (¢,d] = Ry N Ly NU.N Dy and the collection A of all finite disjoint
unions of such rectangles. Since A U {),C} is an algebra of sets which
generates B¢ as a g-algebra, and since F is a monotone class containing
AU {0, C}, the desired conclusion is a consequence of the monotone class
theorem.

O

REMARK 2.7.2. Putnam proved — see [Put] — this extension to Fuglede’s theo-

rem:

if N;,i = 1,2 is a normal operator on H; and if T' € B(H;,H,) satisfies

TN; = NoT, then, we also necessarily have TNy = N3T. (A cute 2 x 2 ma-
trix proof of this — see [Hal2] — applies Fuglede’s theorem to the operators on

. . 0 0 N, 0
Hi @ Hs given by the operator matrices [ T 0 } and { 0 N, ])
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2.7.2 Functional calculus for several commuting
normal operators

This section addresses the analogue of the statement that a family of com-
muting normal operators on a finite-dimensional Hilbert space can be simul-
taneously diagonalised, equivalently, that an arbitrary family {N, : j € I}
of pairwise commuting normal operators admits a joint functional calculus —
i.e., an appropriate continuous and measurable ‘joint functional calculus’ iden-
tifying (algebraically and topologically) appropriate closures of the *-algebras
generated by the family {N;;j € I}.

Suppose {X; : @ € I} is a (possibly infinite, maybe even uncountable)
family of self-adjoint operators on H. For each finite set F' C I, let Xp be
the joint spectrum of {X; : j € F'}. Recall that ¥p C [[;,cpo(X;). Let prp :
[Lic;o0(Xi) = [I;cp 0(X;) denote the natural projection.

We start with a mild generalisation of Lemma 2.5.2(2).

LEMMA 2.7.3. If F C E C I are finite sets, and if pri : [[,cpo(X;) —
[Ticr 0(Xi) is the natural projection, then Xy = pri(Sg).

Proof. This assertion is easily seen to follow by induction on |E \ F| from
the special case of the Lemma when |E \ F| = 1. (Reason: If the result is
known for F,, C E,|E\ F,| = n and if |E\ F| = n+ 1, we can find F),
such that F € F, C E, |E\ F},| = k, and observe that 7€ = 7k» o T
and deduce the truth of the assertion for n + 1 from that of n and 1, thus:
Sk = pri (Sr,) = pri (007, (Zg))-)

So suppose E = {1,2,...,k + 1} and F = {1,2,...,k}. Suppose
(Ay..y ;) € EZp. If € > 0, it is seen from Corollary 2.5.4 and Remark
2.3.3(2) that M(e) := T(Lyg,,....tn)eSr:|ti—\i|<e vier}) 7 0 and is invariant un-
der each X;,1 < i < k+ 1. If Xpy1(€) = Xpqi1lm(e and Agp1 € o(Xpy1(e)),
it is seen that Jx(e) € S(M(e)) such that ||[(Xp+1 — Arg1)z(€)|| < e. Since
[(X; — N)z|| < € Vo € S(M(e)), we see that {z(1)} is a sequence of unit
vectors such that [|(X; — A;))z(3)| < £ Vn, and indeed (A,...\pp1) € T so
g C prg(z g)- The reverse inclusion is obvious, and the proof is complete.

O

For each finite F' C I, let X(F) = pr}l(EF) and let ¥ = (N X(F).
THEOREM 2.7.4. With the foregoing notation, we have:

(1) X is a non-empty compact set, which we shall refer to as the joint spectrum
of {X;:jel}.

(2) There exists a unique isomorphism m : C(X) — C*({X, : j € I}) such
that m(pryjy) = X; Vj € L.

(3) There exists a probability measure p defined on By, unique up to mutual
absolute continuity, such that the continuous functional calculus m above
‘extends’ to an isometric *-algebra monomorphism T of L (3, Bs, ) —
B(H) with the property that a norm-bounded sequence {f, : n € N} C
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L>(X, Bys, ) converges in (u) measure if and only if the image of this se-
quence under this ‘joint measurable functional calculus’ is SOT-convergent.

Proof. (1) It is clear that X is the closed subset of R! consisting of those
tuples ((\;))ier such that for any finite F© C I, it is possible to find a
sequence of unit vectors X, n € N such that ||(X; —\;)2L'|| = 0Vi € F so
that, in particular 3 is a closed subset of [[,.; o(X;) and hence compact.
It is not hard to see (from Lemma 2.7.3 and Lemma 2.5.2) that {Z(F) :
F' a finite subset of I} is a family of non-empty compact sets with the
finite intersection property, and that hence, their intersection, i.e., 3, is
also non-empty and compact.

(2) On the one hand, the family {prp : F' a finite subset of I'} linearly spans
a self-adjoint subalgebra of functions which separates points of 3, which
is dense in C(X). It then follows from Proposition 2.5.3 (2) that there is
a unique isometric *-algebra isomorphism 7 : C(X) — C*({X; : i € I})
such that m(pry;y) = X;.

(3) This follows immediately from Remark 2.3.3.
[

Suppose now that N; = A; +iB; (resp., \; = «j + i3;) is the Cartesian
decomposition of N; as in the last paragraph (resp., A\; € o(N;)), and denote
their joint spectrum by the set ¥ = {\ = (();))jer € C! — or alternatively
{((aj, Bj))jer € (R*)T} — of those tuples for which it is possible to find a
sequence {x,, : n € N} of unit vectors such that

. Y 2: . . 2 A 2 _ .
Tim ([ = Ag)eal® = Bim (1(4; — ag)aalP + |(B; — By)eal) =0 Vi € 1

In view of Fuglede’s theorem, we see that commutativity of the family
{N; : j € I} of normal operators is equivalent to that of the family {A;, B; :
j € I} of self-adjoint operators. It must be clear that {((a; + i3;)) € CI :
(((aj,85))) € B2({A;,B; : j € I} may be defined as the joint spectrum of the
family {N; : j € I} of normal operators, and the exact counterpart of Theorem
2.7.4 (with mild modifications, usually involving changing R to C and self-
adjoint to normal) for a family of commuting normal operators is valid.

EXERCISE 2.7.5. (1) Formulate and prove the precise statement of the ‘nor-
mal version’ of Theorem 2.7.4.

(2) Also state and prove a formulation of the ‘joint spectral theorem’ for a
family of commuting normal operators in terms of projection-valued mea-
sures.

2.8 Typical uses of the spectral theorem

We now list some simple consequences of the spectral theorem (i.e., the func-
tional calculi) for a normal operator.
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PROPOSITION 2.8.1. 1. Let T € B(J() be a normal operator. Then
(a) T is self-adjoint if and only if o(T) C R.
(b) T is a projection if and only if o(T) C {0,1}.
(c) T is unitary if and only if o(T) C {z € C: |z| = 1}.
2. The following conditions on an operator A € B(H) are equivalent:

(a) There exists some Hilbert space X and an operator T € B(H,X)
such that A =T*T.

(b) (Az,z) >0V € K.

(c) A is self-adjoint and o(A) C [0,00).

(d) A is normal and o(A) C [0, 00).

(e) There exists a self-adjoint operator B € B(H) such that A = B2.

Such an operator A is said to be positive, and we write A > 0, and more
generally, we shall write A > C if and only if A,C are self-adjoint opera-
tors satisfying A — C > 0.

3. If A >0, there exists a unique B > 0 such that A = B2, and we denote
. . L 1
this unique positive square root of A by Az.

4. Let U € B(H) be a unitary operator. Then there exists a self-adjoint oper-
ator A € B(H) such that U = ', where the right hand side is interpreted
as the result of the continuous functional calculus for A; further, given any
a € R, we may choose A to satisfy o(A) C [a,a + 27].

5. If T € B(H) is a normal operator, and if n € N, then there exists a normal
operator A € B(H) such that T = A™.

6. Any self-adjoint operator T admits a unique decomposition T =T, —T_,
where Ty >0 and T4 T =0=T_T4

7. Any self-adjoint contraction (i.e., an operator T satisfying T = T* and
I7]] < 1 is expressible as the average of at most two unitary operators,
and hence any operator is expressible as a linear combination of at most
four unitary operators.

Proof. (1) A normal operator T is self-adjoint (resp., a projection, resp., unitary
precisely when it satisfies T = T*, or T = T* = T2, or T*T = 1 respectively.
while the function f, € C(X), for ¥ C C, defined by fy(2) = 2 satisfies fo = fo
(resp., fo = fo = f&, resp., fofo = 1) precisely when ¥ C R (resp., ¥ C {0, 1},
resp., & C {z: |z| = 1}).

(2) The implications (e) = (a) = (b) and (¢) = (d) are obvious. As for
(d) = (e), note that (d) implies that A is self-adjoint by 1(a). If the function
defined on [0,00), by f(t) = t2, denotes the positive square-root, then the
condition (¢) implies that f € C(o(A)), and we see that B = f(A) works.
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(Notice that B € C*(A) by construction). As for (b) = (c¢), the self-adjointness
of A follows from Corollary 1.5.3 (2), and the positivity of elements of o(A)
follows then from Theorem 1.6.2(2).

(3) Suppose Bj is another prospective positive square root of A. Since
B e C*(A) C C*(B;) 2 C(0(By)), there must be a non-negative g € C(c(By))
such that B = g(B;). As B> = A = B?, we must have g(t)? =t Vt € 0(By),
and we must have ¢g(t) =t so B = Bj.

(4) Let ¢ : C\ {0} - {# € C:Imz € [a,a + 27m)} be any (measurable)
branch of the logarithm - for instance, we might set ¢(z) = log|z| + 0, if
z=|z]e?, a <0 < a+ 2. Setting A = ¢(U), we find - since e?*) = z - that
U=e,

(5) This is proved like 4 above, by taking some measurable branch of the
logarithm defined everywhere in C\ {0} and choosing the z* as the exponential
of % times this choice of logarithm.

(6) Define Ty = f(T) where fi are the obviously continuous functions
f+ : R — R defined by f+ = (|fo| £ f)/2. Then indeed

fo=fr—ff+>0 and fif (=ffy)=0
and hence
To=T, —T_, 7+ >0 and T T =0= (T, T )" =T_T,.

As for uniqueness, if T'= A, — A_ with AL > 0,A;. A_ = 0, note first
that
A+A_ - 0 = A_A+ == (A+A_)* - 0

and hence that
(As +A) = A2 4 A% = (Ap — AL)? = T2 = |T]?

where |T'| represents the image, under the functional calculus for T, of the
function f(t) = |t|; and we may deduce from the uniqueness of the positive
square root of a positive operator that (A + A_) = |T| and hence we must
have

A =3(IT|£T) =Ty ,

as desired.
(7) Consider vy € C([—1,1]) defined by vy (t) =t +iv/1 — 2. Note that
t=2(vp(t) +v_(t) and |v4(t)] =1 for t € [-1,1]. Define Uy = v (7).

As Uy are unitary with average T, it follows, by scaling, that every self-
adjoint operator is a linear combination of at most? two unitary operators, and
the Cartesian decomposition completes the proof of the proposition. O

2The reason for the ‘at most’ is that 7" might have already been self-adjoint and unitary
(i.e., satisfying T2 = 1)
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Beyond normal operators

3.1 Polar decomposition

In this section, we establish the very useful polar decomposition for bounded
operators on Hilbert space. We begin with a few simple observations and then
introduce the crucial notion of a partial isometry.

LEMMA 3.1.1. Let T € B(H,X). Then,
ker T = ker (T*T) = ker (T*T)% = ran®T* . (3.1.1)
In particular, also
ker'T = ran T~ .
(In the equations above, we have used the notation rantT* and kerJ‘T,
for (ran T*)* and (ker T)*, respectively.)
Proof : First observe that, for arbitrary x € J, we have
|T2|? = (T"Tx,2) = {(T"T)>,(T"T)?z) = |[(T*T)%=|®, (3.1.2)

whence it follows that ker T = ker(T*T)z.
Notice next that

rerantT* & (2,T"y)=0VyecX
& (Tz,y)=0vVyeX
& Tz=0

and hence rantT* = ker 7. ‘Taking perps’ once again, we find — because of
the fact that V-+ =V for any linear subspace V' C X — that the last statement
of the Lemma is indeed valid.

Finally, if {p,}, is any sequence of polynomials with the property that
pn(0) = 0 for all n and such that {p,(t)} converges uniformly to v/t on o(T*T),
it follows that ||p,(T*T) — (I*T)z|| — 0, and hence,

z € ker(T*T) = po(T*T)z=0VYn = (T*T)2z =0
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and hence we see that also ker(T*T) C ker(T*T )% since the reverse inclusion
is clear, the proof of the lemma is complete. O

PrOPOSITION 3.1.2. Let H, XK be Hilbert spaces; then the following conditions
on an operator U € B(H,XK) are equivalent:

(i) U=U0U"U;

(ii) P = U*U is a projection;

(73) Ulyerrpy 95 an isometry.

An operator which satisfies the equivalent conditions (i)—(iii) is called a partial
isometry.

Proof. (i) = (ii) : The assumption (i) clearly implies that P? = U*UU*U =
U*U = P, while P is clearly self-adjoint.

(#9) = (i1i) : Let M = ran P. Then notice that, for arbitrary =z € X,
we have: ||Pz||> = (Px,z) = (U*Ux,z) = ||Uz||?; this clearly implies that
ker U = ker P = M*, and that U is isometric on M (since P is identity on M).

(iii) = (i) : Let M = ker™U. For i = 1,2, suppose z; € H, and z; €
M, y; € M+t are such that z; = x; + ;; then note that

<U*U2’1,22> = UZl,UZQ>

(
<U$1, ULL'2>
(
(

x1,T2) since Uly is isometric)

Ty, 22 > (Since <331ny> = 0)3

and hence U*U is the projection onto M.

(ii) = (i) : Let M = ran U*U; then (by Lemma 3.1.1) M+ = ker U*U =
ker U, and so, if z € M,y € M+, are arbitrary, and if z = 2 + y, then observe
that Uz =Ux+Uy=Uz=U(U*Uz). O

REMARK 3.1.3. Suppose U € B(H, K) is a partial isometry. Setting M = kertU
and N = ran U(= ran U), we find that U is identically 0 on M+, and U maps
M isometrically onto N. It is customary to refer to M as the initial space, and
to N as the final space, of the partial isometry U.

On the other hand, upon taking adjoints in condition (i) of Proposition
3.1.2, it is seen that U* € B(X,H) is also a partial isometry. In view of the
preceding lemma, we find that ker U* = N+ and that ran U* = M; thus N is
the inital space of U* and M is the final space of U*.

Finally, it follows from Proposition 3.1.2(i7) (and the proof of that propo-
sition) that U*U is the projection (of H) onto M while UU* is the projection
(of X) onto N. O

EXERCISE 3.1.4. IfU € B(H,X) is a partial isometry with initial space M and
final space N, show that if y € N, then U*y is the unique element x € M such
that Uz = y.
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Before stating the polar decomposition theorem, we introduce a convenient
bit of notation: if T € B(H,X) is a bounded operator between Hilbert spaces,
we shall always use the symbol |T| to denote the unique positive square root
of the positive operator |T|? = T*T € B(H); thus, |T| = (T*T)=. (If T is self-
adjoint — in fact, even normal — for which, of course, we would need H = X, this
notation/definition is consistent with that yielded by the continuous functional
calculus.)

THEOREM 3.1.5. (Polar Decomposition)
(a) Any operator T € B(H,XK) admits a decomposition T = UA where
(i) U € B(H,X) is a partial isometry;
(i) A € B(H) is a positive operator; and
(iii) ker T =ker U = ker A .

(b) Eurther, if T = V B is another decomposition of T as a product of a
partial wsometry V' and a positive operator B such that ker V' = ker B, then
necessarily U =V and B = A = |T|. This unique decomposition is called the
polar decomposition of T .

(¢) If T =U|T)| is the polar decomposition of T, then |T| = U*T.
Proof. (a) If z,y € H are arbitrary, then,
(Tz,Ty) = (I"Tw,y) = (TPz,y) =Tz, |Tly) ,

whence it follows — see Exercise 2.2.2 — that there exists a unique unitary
operator Uy : ran |T| — ran T such that Uy(|T|x) = Tz V x € H. Let M =
ran |T'| and let P = Py denote the orthogonal projection onto M. Then the
operator U = Uy P clearly defines a partial isometry with initial space M and
final space N' = ran T which further satisfies T' = U|T'| (by definition). It follows
from Lemma 3.1.1 that kerU = ker|T'| = kerT.

(b) Suppose T = VB as in (b). Then V*V is the projection onto
ker'V = ker'B = Tan B, which clearly implies that B = V*V B; hence,
we see that T*T = BV*V B = B?; thus B is a, and hence the, positive square
root of |T|?, i.e., B = |T|. It then follows that V(|T|z) = Tx = U(|T|x) Vz; by
continuity, we see that V agrees with U on ran |T|, but since this is precisely
the initial space of both partial isometries U and V', we see that we must have
Uu=V.

(c) This is an immediate consequence of the definition of U and Exercise
3.14. O

EXERCISE 3.1.6. (1) Prove the ‘dual’ polar decomposition theorem; i.e., each
T € B(H,X) can be uniquely expressed in the form T = BV where V &
B(H,X) is a partial isometry, B € B(X) is a positive operator and ker B =
ker V* = ker T*. (Hint: Consider the usual polar decomposition of T*, and
take adjoints.)

(2) Show that if T = U|T| is the (usual) polar decomposition of T, then
Ulyertr implements a unitary equivalence between [T'| |yt and [T |yeps 7+
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(Hint: Write M = ker™T, N = ker™T*, W = Uly; then W € B(M,N) is
unitary; further |T*|? = TT* = U|T|?U*; deduce that if A (resp., B) denotes
the restriction of |T| (resp., |T*|) to M (resp., N), then B* = WA?W*; now
deduce, from the uniqueness of the positive square root, that B = W AW*.)

(3) Apply (2) above to the case when H and KX are finite-dimensional,
and prove that if T € L(V,W) is a linear map of vector spaces (over C), then
dim V. = rank(T) + nullity(T), where rank(T) and nullity(T) denote the
dimensions of the range and kernel (or null-space), respectively, of the map T

(4) Show that an operator T € B(H,X) can be expressed in the form
T = WA, where A € B(H) is a positive operator and W € B(H,XK) is unitary if
and only if dim(ker T') = dim(ker T™). (Hint: In order for such a decomposition
to exist, show that it must be the case that A = |T'| and that the W should agree,
on kerLT, with the U of the polar decomposition, so that W must map ker T
isometrically onto ker T*.)

(5) In particular, deduce from (4) that in case H is a finite-dimensional
inner product space, then any operator T € B(H) admits a decomposition as the
product of a unitary operator and a positive operator. (In view of Proposition
2.8.1 1(c) and 2(c), note that when H = C, this boils down to the usual polar
decomposition of a complex number.)

Several problems concerning a general bounded operator between Hilbert
spaces can be solved in two steps: in the first step, the problem is ‘reduced’,
using the polar decomposition theorem, to a problem concerning positive oper-
ators on a Hilbert space; and in the next step, the positive case is settled using
the spectral theorem. This is illustrated, for instance, in Exercise 3.1.7(2).

EXERCISE 3.1.7. (1) Recall that a subset A of a (real or complex) vector space
V' is said to be convex if it contains the ‘line segment joining any two of its
points’; i.e., A is conver if x,y € A,0<t<1 =tx+ (1 —1t)y € A.

(a) If V is a normed (or simply a topological) vector space, and if A is a
closed subset of V', show that A is convex if and only if it contains the mid-point
of any two of its points — i.e., A is convez if and only if v,y € A = %(m—i—y) €
A. (Hint: The set of dyadic rationals, i.e., numbers of the form 2% is dense in
R.)

(b) If 8§ C V is a subset of a vector space, show that there exists a smallest
convez subset of V' which contains 8; this set is called the convex hull of the set
8 and we shall denote it by the symbol co(8). Show that co(8) = {d>°1, Oz :
neNz, €8,0; > 072?:1975 = 1}

(c) Let A be a convex subset of a vector space; show that the following
conditions on a point x € A are equivalent:

(i)z=3@y+z2), y2€A = z=y=2z

(i) x=ty+(1—1)z,0<t<1, yz€A =>x=y==z
The point = is called an extreme point of a conver set A if x € A and if x
satisfies the equivalent conditions (i) and (i) above.

(d) It is a fact, called the Krein-Milman theorem — see [Yos], for instance
— that if K is a compact convex subset of a Banach space (or more generally, of
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a locally convex topological vector space which satisfies appropriate ‘complete-
ness conditions’), then K = co(0.K), where 0.K denotes the set of extreme
points of K. Note that the above equalily can hold even without the compact-
ness assumption as in the case K = ball(H) = {x € 3 : ||z|| < 1}, where H is
a Hilbert space, by showing that O.(ball H) = {x € H : ||z|| = 1}. (Hint: Use

the parallelogram law — see Ezercise 1.2.3(4).)
(e) Show that O.(ball X) # {x € X : ||z|| =1}, when X =L, n> 1.

(Thus, not every point on the unit sphere of a normed space need be an extreme
point of the unit ball.)

(2) Let H and K denote (separable) Hilbert spaces, and let B = {A €
B(H,X) : ||A]| < 1} denote the unit ball of B(3,X). The aim of the following
exercise is to show that an operator T' € B is an extreme point of B if and only
if either T or T* is an isometry. (See (1)(c) above, for the definition of an
extreme point.)

(a) Let By ={T € B(K):T >0, ||T|| <1}. Show that T € 0.By < T
is a projection. (Hint: suppose P is a projection and P = %(A—i—B), A, BeB,;
then for arbitrary x € ball(¥(), note that 0 < §({Az,z) + (Bwz,z)) < 1; since
0.10,1] = {0,1}, deduce that (Ax,x) = (Bx,z) = (Px,x) V = € (ker P U
ran P); but A > 0 and ker P C ker A imply that A(ran P) C ran P; similarly
also B(ran P) C ran P; conclude (from Ezercise 1.4.16) that A = B = P.
Conversely, if T € By and T is not a projection, then it must be the case —
see Proposition 2.8.1(1)(b) — that there exists A € o(T) such that 0 < X < 1;
fix e >0 such that (A — 2¢, A+ 2¢) C (0,1); since A € o(T), deduce that P # 0
where P = 1(x_c ) (T); notice now that if we set A =T —eP,B =T + €P,
then the choices ensure that A,B € B, T = %(A—I—B), but A #T # B, whence
T¢0.B,.)

(b) Show that the only extreme point of ball B(H) ={T € B(H) : ||T|| <
1} which is a positive operator is 1, the identity operator on H. (Hint: Prove that
1 is an extreme point of ball B(H) by using the fact that 1 is an extreme point
of the unit disc in the complex plane; for the other implication, by (a) above,
it is enough to show that if P is a projection which is not equal to 1, then P
is not an extreme point in ball B(H); if P # 1, note that P = %(U+ +U_),
where Uy = P+ (1 —P).)

(c) Suppose T € 0.B; if T = U|T| is the polar decomposition of T, show
that |T'| |a is an extreme point of the set {A € B(M) : ||A|| < 1}, where
M = ker™|T|, and hence deduce, from (b) above, that T = U. (Hint: if |T| =
1(C + D), with C, D € ball B(M) and C # |T| # D, note that T = (A + B),
where A=UC,B=UD, and A+ T # B.)

(d) Show that T € 0.B if and only if T or T* is an isometry. (Hint:
suppose T is an isometry; suppose T = %(A + B), with A, B € B; deduce from
(1)(d) that Tx = Ax = Bx Vax € H; thus T € 0.B; similarly, if T* is an
isometry, then T* € 0.B. Conversely, if T € 9.B, deduce from (c) that T is a
partial isometry; suppose it is possible to find unit vectors x € kerT, y € kerT™;
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define Uyz = Tz £ (z,x)y, and note that Uy are partial isometries which are
distinct from T and that T = £(U; +U_).)

3.2 Compact operators

DEFINITION 3.2.1. A linear map T : X — Y between Banach spaces is said
to be compact if it satisfies the following condition: for every bounded sequence
{Zn}n C X, the sequence {T'xy}y, has a subsequence which converges with re-
spect to the norm in'Y .

The collection of compact operators from X to'Y is denoted by By(X,Y)
(or simply Bo(X) if X =Y).

Thus, a linear map is compact precisely when it maps the unit ball of X
into a set whose closure is compact — or equivalently, if it maps bounded sets
into totally bounded sets'; in particular, every compact operator is bounded.

Although we have given the definition of a compact operator in the context
of general Banach spaces, we shall really only be interested in the case of Hilbert
spaces. Nevertheless, we state our first result for general Banach spaces, after
which we shall specialise to the case of Hilbert spaces.

PROPOSITION 3.2.2. Let X,Y,Z denote Banach spaces.

(a) Bo(X,Y) is a norm-closed subspace of B(X,Y).

(b) If A€ B(Y,Z),B € B(X,Y), and if either A or B is compact, then
AB is also compact.

(¢) In particular, Bo(X) is a closed two-sided ideal in the Banach algebra
B(X).

Proof. (a) Suppose A, B € By(X,Y) and « € C, and suppose {z,, } is a bounded
sequence in X; since A is compact, there exists a subsequence — call it {y,}
of {x,} — such that {Ay,} is a norm-convergent sequence; since {y,} is a
bounded sequence and B is compact, we may extract a further subsequence -
call it {z,} - with the property that {Bz,} is norm-convergent. It is clear then
that {(«A + B)z,} is a norm-convergent sequence; thus («A + B) is compact;
in other words, By(X,Y) is a subspace of B(X,Y).

Suppose now that {4, } is a sequence in By(X,Y") and that A € B(X,Y)
is such that ||4,, — A|| — 0. We wish to prove that A is compact. We will do
this by a typical instance of the so-called ‘diagonal argument’. Thus, suppose
So = {x,,} is a bounded sequence in X. Since A; is compact, we can extract a

subsequence 57 = {xg)} of Sy such that {Alxg)} is convergent in Y. Since Ag

is compact, we can extract a subsequence Sy = {x%z)} of 51 such that {Agxg)}
is convergent in Y. Proceeding in this fashion, we can find a sequence {S}

such that Sy = {xSf)} is a subsequence of S;_; and {Akxgbk)} is convergent in

IRecall that a subset F' of a metric space is said to be totally bounded if for every € > 0,
it is possible to find a finite subset S such that dist(z, S) < € Va € F; and that a subset of a
metric space is compact if and only if it is complete and totally bounded.
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Y, for each k > 1. Let us write z, = m%n); since {z, : n > k} is a subsequence

of Sk, note that {Az,} is a convergent sequence in Y, for every k > 1.

The proof of (a) will be completed once we establish that {Az,} is a
Cauchy sequence in Y. Indeed, suppose € > 0 is given; let K = 1+ sup,, ||zx||;
first pick an integer N such that ||Ax — A|| < €¢/3K; next, choose an integer ng
such that |[Anz, — Anzm|| < €/3 ¥V n,m > ng; then observe that if n,m > nyg,
we have:

1Az = Azm[| < [[(A = AN)2nll + [|[AN2n — AN 2m]|

+[[(An — A)zm |
€ € €
< kiS4 Sk
= 3g" T3 3R

€.

(b) Let B denote the unit ball in X; we need to show that (AB)(B)
is totally bounded; this is true in case (i) A is compact, since then B(B) is
bounded, and A maps bounded sets to totally bounded sets, and (ii) B is
compact, since then B(B) is totally bounded, and A (being bounded and linear)
maps totally bounded sets to totally bounded sets. O

COROLLARY 3.2.3. Let T € B(Hy,Hs), where H; are Hilbert spaces. Then
(a) T is compact if and only if |T| (= (T*T)z ) is compact; and conse-
quently,
(b) T is compact if and only if T* is compact.

Proof. It T = U|T| is the polar decomposition of T, then also U*T = |T'| — see
Theorem 3.1.5; so each of T and |T'| is a multiple of the other. Now appeal to
Proposition 3.2.2(b) to deduce (a) above. Also, since T* = |T|U*, we see that
the compactness of 7" implies that of 7*; and (b) follows from the fact that we
may interchange the roles of T" and T™. O

EXERCISE 3.2.4. (1) Let X be a metric space; if x,x1,22,... € X, show that
the following conditions are equivalent:

(i) the sequence {x,} converges to x;

(ii) every subsequence of {x,,} has a further subsequence which converges
to x.
(Hint: for the non-trivial implication, note that if the sequence {x,} does not
converge to x, then there must exist a subsequence whose members are ‘bounded
away from x’.)

(2) Show that the following conditions on an operator T € B(Hy,Hs) are
equivalent:

(i) T is compact;

(i) if {xn } is a sequence in Hy which converges weakly to 0 —i.e, {(x,x,) —
0V xeHy — then ||Txy|| — 0.

(#3) if {en} is any infinite orthonormal sequence in Hy, then ||Tey|| — 0.
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(Hint: for (i) = (it), suppose {yn} is a subsequence of {x,}; by compactness,
there is a further subsequence {zn} of {yn} such that {Tz,} converges, to z,
say; since zp, — 0 weakly, deduce that Tz, — 0 weakly; this means z = 0, since
strong convergence implies weak convergence; by (1) above, this proves (ii). The
implication (i) = (iii) follows form the fact that any orthonormal sequence
converges weakly to 0. For (iit) = (i), deduce from Proposition 3.2.7(c) that
if T is not compact, there exists an € > 0 such that M = ran 1jc o)(|T) s
infinite-dimensional; then any infinite orthonormal set {e, : n € N} in M,
would violate condition (iii).)

Recall that if T € B(JH, X) and if M is a subspace of H, then T is said to be
‘bounded below’ on M if there exists an e > 0 such that ||Tz|| > €||z|| V x € M.

LEMMA 3.2.5. If T € Bo(Hy,Hs) and if T is bounded below on a subspace M
of Hy, then M is finite-dimensional.

In particular, if N is a closed subspace of Ho such that N is contained in
the range of T', then N is finite-dimensional.

Proof. If T is bounded below on M, then T is also bounded below (by the same
constant) on M; we may therefore assume, without loss of generality, that M
is closed. If M contains an infinite orthonormal set, say {e, : n € N}, and if
T is bounded below by € on M, then note that ||Te, — Ten|| > €v/2 Vn # m;
then {e,} would be a bounded sequence in 3 such that {T'e,} had no Cauchy
subsequence, thus contradicting the assumed compactness of T'; hence M must
be finite-dimensional.

As for the second assertion, let M = T~ (N) N (ker™T); note that 7' maps
M 1-1 onto N; by the open mapping theorem, T must be bounded below on
M; hence by the first assertion of this Lemma, M is finite-dimensional, and so
also is N. O

The purpose of the next exercise is to convince the reader of the fact that
compactness is an essentially ‘separable phenomenon’, so that our restricting
ourselves to separable Hilbert spaces is essentially of no real loss of generality,
as far as compact operators are concerned.

EXERCISE 3.2.6. (In the following problem and in the sequel, while discussing
the continuous functional calculus of self-adjoint operators, we shall blur the
distinction between bounded continuous functions defined on all of R or only
on o(T) for some self-adjoint T'; this should lead to no confusion, since f(T)
depends only on fly(r).)

(a) Let T € B(H) be a positive operator on a (possibly non-separable)
Hilbert space H. Let € > 0 and let 8. = {f(T)x : f € C(o(T)), f(t) =0Vt e
[0,€]}. If M. = [S¢] denotes the closed subspace generated by S, then show that
M C ran T. (Hint: let g € C(a(T)) be any continuous function such that
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g(t) =t~! whenever t > ¢/2; for instance, you could take

1
g(t) = " ;
= if 0<t<e/2
then notice that if f € C(o(T)) satisfies f(t) = 0Vt < ¢, then f(t) =
tg(t)f(t) Vt; deduce that S is a subset of N = {z € H : z = Tg(T)z}; but
N is a closed subspace of H which is contained in ran T'.)

(b) Let T € Bo(H;y,Hsy), where Hy,Ho are arbitrary (possibly non-
separable) Hilbert spaces. Show that ker™T and ran T are separable Hilbert
spaces. (Hint: Let T = U|T| be the polar decomposition, and let M be associated
to |T| as in (a) above; show that U(M,) is a closed subspace of ran T' and deduce
from Lemma 3.2.5 that M, is finite-dimensional; note that ker™T = kerJ‘|T\ 18
the closure of ;- M1, and that ran T = U(ker™T).)

We now return to our standing assumption that all Hilbert spaces are
separable.

PROPOSITION 3.2.7. The following conditions on an operator T € B(Hi,Hs)
are equivalent:

(a) T is compact;

(b) |T| is compact;

(c) ran 1 ) (|T]) is finite-dimensional, for every ¢ > 0;

(d) there is a sequence {1, }2>, C B(Hq,Hz) such that (i) || T, —T|| — 0,
and (i) ran T, is finite-dimensional, for each n;

(e) ranT does not contain any infinite-dimensional closed subspace of Ha.

Proof. For € > 0, let us use the notation 1. = 1jc o) and P = 1.(|T).

(a) = (b) : See Corollary 3.2.3.

(b) = (c¢) : Since t > €l(t) V t > 0, we find easily that |T'| is bounded
below (by €) on ran P, and (c) follows from Lemma 3.2.5.

(¢) = (d) : Define T,, = TP%; notice that 0 < ¢(1 — 1%(75)) < % Vt>0;
conclude that || [T'|(1 -1 (]T7))[| < L.if T = U|T| is the polar decomposition
of T, deduce that ||T — T,|| < %; finally, the condition (c) clearly implies that
each (P% and consequently) 7T;, has finite-dimensional range.

(d) = (a) : In view of Proposition 3.2.2(a), it suffices to show that each T,
is a compact operator; but any bounded operator with finite-dimensional range
is necessarily compact, since any bounded set in a finite-dimensional space is
totally bounded.

(a) = (e) : See Lemma 3.2.5.

(e) = (¢) : Pick any bounded measurable function g such that g(t) =
1, Vt > ¢ thentg(t) = 1Vt > €, whence tg(t)1c(t) = 1c(t) V¢, and |T|g(|T|) P. =
P,; hence ran P, is a closed subspace of (ran |T'|, and consequently of) the initial
space of the partial isometry U; deduce that U(ran P.) is a closed subspace of
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ran T'; by condition (e), this implies that U(ran P.) is finite-dimensional. As U
is isometric on ran P,, we see that ran P, is finite-dimensional, as desired. [J

We now discuss normal compact operators.

PROPOSITION 3.2.8. Let T € By(H) be a normal (compact) operator on a
separable Hilbert space, and let E — P(E) = 15(T) be the associated spectral
measure.

(a) If € > 0, let P. = P({\ € C: |\ > €}) denote the spectral projection
associated to the complement of the e-neighbourhood of 0. Then ran P, is finite-
dimensional.

(b) If ©* = o(T) \ {0}, then

(i) A € ¥* = X is an eigenvalue of finite multiplicity; that is,
0 <dimker(T — \) < oo;

(ii) With P(A) = 1p({\}), the subspaces {ran P(\) : A € X*} are
pairwise orthogonal finite-dimensional subspaces, so X* is a countable set and
ran (3, e P({A})) = ker™(T);

(i) the only possible accumulation point of ¥* is 0; and

(iv) there exist a countable set N and scalars A\, € ¥*,n € N such that

Tz = > A P({A}) .

neN

Proof. (a) Note that the function defined by the equation

1 if [N >e
A) = A B
9N { 0 otherwise

is a bounded measurable function on o(T) such that g(A\)A = 1g (\), where
F.={z € C:|z| > €}. It follows that g(T)T = Tg(T) = P.. Hence ran P, is
contained in ran 7', and the desired conclusion follows from Proposition 3.2.7(e).

(b) (¢) By Theorem 1.6.2 (2), if A € ¥*, there exists a sequence of unit

vectors x,, such that lim, . ||Az, — Az,|| = 0. By compactness, there is
some subsequence {z,,} such that y = limy_ . Az,, exists. Since |y|| =
limy oo [[Azy, || = |A] # 0 it follows that z,, — = ( so ||z| = 1) and that

Az = Ax. So A is an eigenvalue of T. Also, it follows from Proposition 2.4.1(5)
that ran P(\) = ker(T — A). Since A is clearly bounded below (by |A|) on
ker(A — A), it is seen from Lemma 3.2.5 that A is an eigenvalue of finite multi-
plicity.

(i4) If A € X*, and = € ker(A — \), note that also

(A" = Nz|| = (A= N)"z]| =0

since (A — \) inherits normality from A. Hence if A\, p € X*, if A # p and if x
and y are eigenvectors of A corresponding to A and p respectively, then

Mz, y) = (Az,y) = (x, A%y) = plz,y)
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and we find that {ker(4 — A\) = ran P({A}) : A € ¥*} is a set of pairwise
orthogonal non-zero subspaces of the separable space H. Hence ¥* must be
countable. It follows that

(X Pan) = P

AeX*
P(C\{0})

= projection onto ker™(T') .

(791) For any € > 0, Lemma 3.2.5 implies that ran P is finite-dimensional.
But clearly Pe = 37 5 yj»c ran P({A}); so it must be that {A € ¥* : [\[ > €}
is finite, thereby establishing (7).

(iv) T=TP(C) =TP(X") = Lyen- TP{A}) = Lien- AP{A}). - D

EXERCISE 3.2.9. Let X be a compact Hausdorff space and let Bx > E +— P(FE)
be a spectral measure; let v be a measure which is ‘mutually absolutely contin-
uous’ with respect to P — thus, for instance, we may (see Remark 2.6.3) take
w(E) =S ||P(E)en||?, where {e,} is some orthonormal basis for the underlying
Hilbert space H — and let w: C(X) — B(H) be the associated representation.

(a) Show that the following conditions are equivalent:

(i) H is finite-dimensional;

(ii) there exists a finite set F C X such that p = p|p, and such that
ran P({x}) is finite-dimensional, for each x € F.

(b) If xzg € X, show that the following conditions on a vector x € H are
equivalent:

(i) m(flz = flzo)z V [ € C(X);

(ii) x € ran P({zo}).

(Hint: See Corollary 2.4.3.)

By piecing together our description in Proposition 3.2.8 — applied to |T'|
— and the polar decomposition, we arrive at the useful ‘singular value decom-
position’ of a general compact operator.

PROPOSITION 3.2.10. Suppose T € Bo(Hi,Hs) has polar decomposition T =
U|T|. Then, with P({\}) = 1j7({\}) (as in Proposition 3.2.8 applied to |T'|),
we have
(1) o(|T|) = ¥*[[{0} where ¥* admits an enumeration ¥* = {\, : n € N}
for some countable set N; if ¥* is finite, then T has finite rank; and if N
is infinite, we may assume without loss of generality that N = N and that
AM>X> > A, > 1> and A\, L0

2)T = MUPH AL }); more explicitly, if 2" ke I,} is an or-
neN k
thonormal basis for ran P({\,}) and y,in) = Uxén), then

Te = Z An ( Z (m,:cfcn)w,(cn) ) . (3.2.3)

neN kel,
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Here, and in the rest of this chapter the symbol N will always denote one
of the sets {1,2,...,n} ?

The sequence {sp, = s,(T) : n < dim(H;) + 1} defined by

A1 i 0<n < card ()
Ao if card (I1) < n < (card (I;) + card (I2))
Spo= 4 e (3.2.4)
Am i D e card (1) <n < Y70 ooy, card (1)
0 if Y cncard(lx) <n

{sn(T)}n is the non-increasing arrangement (counting multiplicity) of the
eigenvalues of |T|, and the s, s are called the singular values of the compact
operator T'.

The proof is essentially spelt out in the statement of the Proposition
itself, and is left as an exercise to the reader. A less verbose — and slightly
less informative — way to rephrase the content of Proposition 3.2.10 uses the
following notation: for x € H,y € X, write (T ®@y) for the rank one operator in
B(H,X) given by (Z @ y)z' = (a/, x)y.

EXERCISE 3.2.11. Ifx € H,y,y’ € K,z € M, then verify that (y ®@ 2)(zRy) =
(1,9 (T ® 2).

Singular value decomposition: If s1,ss,... are the singular values of a
compact operator T, then T admits a so-called singular value decomposition
(sometimes abbreviated to SVD)

T =3 5ul(T) (20 @ ) (3:2.5)

neN

where {x,, :n € N} (resp., {yn : n. € N}) is an orthonormal basis for ker(T),
(resp., ker™(T*)). (Note that even if dimranT < dim(K), the singular values
sp, are defined for n < dim(H) +1.)

Note that while the singular values are uniquely determined, this is no
longer true for the SVD, since, for instance, ker(|7'| — A) might have dimension
more than one for some A. Some more useful properties of singular values are
listed in the following exercises.

EXERCISE 3.2.12. (1) Let T € B(H) be a positive compact operator on a
Hilbert space. In this case, we write A\, = $,(T), since (T = |T| and
consequently) each X\, is then an eigenvalue of T. The purpose of this set
of exercises is to prove and study some consequences of

An = max min{(Tz,z):zeM,|z|| =1}, (3.2.6)

dim M<n

2Note that n=0< N =0 < T = 0.
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where the the maximum is to be interpreted as a supremum, over the
collection of all subspaces M C H with appropriate dimension, and part
of the assertion of the exercise is that this supremum is actually attained
(and is consequently a maximum); in a similar fashion, the minimum is to
be interpreted as an infimum which is attained. (This identity is called the
max-min principle and is also referred to as the Rayleigh-Ritz principle. )

Define M,, = [{z; : 1 < j < n}|, where {z}, : k € N} are as in Equation
(3.2.5); observe that A, = min{(Tx, x) : © € My, ||z|| = 1}; this proves the
inequality < in (3.2.6). Conversely, if imM < n, arque that there must
exist a unit vector xg € MNM,_; (since the projection onto M,,_1 cannot
be injective on M ), to conclude that min{(Tz,z) : © € M, ||z|| = 1} < A,

If T : Hy — Ho is a compact operator between Hilbert spaces, show that

T) = in{||Tx|| : =1}. 2.
(@) = ma winf|[Ta] 2 € M |Jell = 1) (327)
(Hint: Note that ||Tz||*> = (|T|*x,z), apply equation (3.2.6) above to

IT|2, and note that s,(|T|?) = s,(|T|)?.)

T € Bo(KH) = s1(T) = ||T||. (Hint: This is the case n = 1 of Equation
(3.2.7) above.)

If T is compact, show that

$p(T) = min{||T — F|| : dim(ran (F)) <n} Vn >1.

(Hint: If $,(T) = 0, then dim(ran (T)) < n and this equality is
obvious. So assume s, (T) > 0.

Prove two inequalities. Let Equation (3.2.5) be the SVD of T. If
F, = 22;11 KTk ® Yk, then dim(ran (F,)) < n and [|T — F,| = s,(T)
since {s,(T)} is a non-increasing sequence; so indeed

$p(T) <inf{||T — F| : dim(ran (F)) < n} Vn > 1} .

Conversely suppose F' is an operator whose range (call it M) has
dimension less than m. Let N = ker(F). Note first that ran(F) and
ran (F*) have the same dimension (by polar decomposition) and hence
dim(Nt) = dim(ran(F*)) < n . Let M,, = [{x1,...,7,}]. The assump-
tion s,(T) > 0 implies that dim(M,,) = n. If P denotes the projection
onto N+, it follows that P|yt, cannot be injective; since ker(P) = N, we
can find a unit vector x € M,, N N. Then,

(T = F)zf| = [Tz
min{||Tz| : z € S(M,,)}
sn(T)

Y
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thus yielding the reverse inequality.

Since limy, o0 $,(T) = 0, this exercise also gives another proof of
Proposition 3.2.7 (d).)

(6) If T € Bo(Hi,Hs) and if s,(T) > 0, then show that n < dim(Hsa) (so
that s, (T™) is defined) and s, (T*) = s,(T). (Hint: Use Exercise 3.1.6 (2)
or the polar decomposition; in fact if T =" $,(Tp, Q@yp) is an SVD of T,
then T" =3 $,(Jn @ xy) is an SVD of T* .)

3.3 von Neumann-Schatten ideals

We begin with a brief survey of this section which might help to motivate the
notation and development of this section. This section may be regarded as
containing non-commutative analogues of their ‘commutative counterparts’ of
facts regarding classical sequence spaces cg, £2, /1, /> and finally also 7,1 < p <
oo as well as the duality relations among them. Specifically, we shall establish
the following facts in this section:

(1) The following conditions on an operator T' € B(H,X) are equivalent,
where we assume that H, X are infinite-dimensional and separable:

(1) There exists an orthonormal basis {z,, : n € N} (resp., {y, : n € N})
for ker™(T) (resp., ker™(T*)) such that Tz, = s,y, ¥n € N for a
sequence (1) = {s,, : n € N} of positive scalars such that s(T") € ¢
(resp., s(T') € £ where p € [1,00)).

(2) T € Bo(H,X) (vesp., T € BP(H, X)) 3

(2) With the notation of item (1) above, the sets BP(H, K) are Banach spaces
— called the von Neumann-Schatten classes — when equipped with the

norms given by || 7], = (3 Sn(T)p)%-

(3) Bo(H)* = BY(H) (where By(H) is viewed as a subspace of B(H)), and
there exist natural identifications BP (H)* = B4(H) for 1 < p,q < oo with
>+ =1, and B'(30)* = B(H).

(4) Each BP(H) is a (non-closed) two-sided ideal in B(JH) and the Schatten
p-norm || - ||, is unitarily invariant in the sense that |[UTV], = ||T|l,
whenever U and V are unitary.

(5) The space Bgo(H) of finite rank operators on H is a dense linear subspace
of each Banach space B?(H),1 < p < oo( all of which are, in turn, dense
subspaces of the Banach space By(H).

3Thus BP(H,XK) = {T € Bo(H,X)};s(T) € £P} where p € [1,00).
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3.3.1 Hilbert-Schmidt operators

LEMMA 3.3.1. The following conditions on a linear operator T € B(Hj,Hs)
are equivalent:

(i) 3>, [|Ten|[* < oo, for some orthonormal basis {e,} of Hi;

(i) 3, IT* fm|[? < oo, for every orthonormal basis {f,} of Ha.

(iii) 3, [|Ten||> < oo, for every orthonormal basis {e,} of Hi, with
this sum being independent of the chosen orthonormal basis.
If these equivalent conditions are satisfied, then the sums of the series in (ii)
and (iii) are independent of the choice of the orthonormal bases and are all
equal to one another.

Proof. 1f {e,} (resp., {fm}) is any orthonormal basis for H; (resp., Hz), then

note that

SITealP = S5 {Ten, fu)?
SO T fnen)?
ST ful

and all the assertions of the proposition are seen to follow. [

DEFINITION 3.3.2. An operator T € B(Hy, Hs) is said to be a Hilbert-Schmidt
operator if it satisfies the equivalent conditions of Lemma 3.3.1, and the Hilbert-
Schmidt norm of such an operator is defined by

1

T2 = ( S [[Ten|? )5 , (3.3.8)

where {e,} is any * orthonormal basis for 3. The collection of all Hilbert-
Schmidt operators from Hy to Hy will be denoted by B2(Hy, Hs).

Some elementary properties of the class of Hilbert-Schmidt operators are
contained in the following proposition.

PROPOSITION 3.3.3. Suppose T € B(H;,Hs), S € B(Ha, Hs), where Hy, Ho,
Hs are Hilbert spaces.

(a) T € B>(Hy,Ha) = T* € B*(Ha,Hi); moreover, ||T*||2 = ||T|]2 >
[|T|o0, where we write || - ||oo to denote the usual operator norm;

(b) if either S or T is a Hilbert-Schmidt operator, so is ST, and

IS1|2lIT oo if S € B?(Ha,3Hs)

15712 < {Hmuwa if T € B2(3,, %) ; (8:3.9)

(C) BQ(j{l,:}CQ) C Bo(g{l,g{Q);

4This adjective is justified by Proposition 3.3.1(4ii).
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(d) if T € By(Hy,Hs), then T is a Hilbert-Schmidt operator if and only
if 2, sn(T)? < o0; in fact,

1715 = D sulD)?

Proof. (a) The equality ||T||2 = ||T*||2 was proved in Lemma 3.3.1. If x is any
unit vector in Hy, pick an orthonormal basis {e, } for H; such that e; = z, and
note that

1

2
1Tl = (D ITenl )* > |[Tall

since x was an arbitrary unit vector in ¥y, deduce that ||T||z > ||T||e0, as
desired.

(b) Suppose T is a Hilbert-Schmidt operator; then, for an arbitrary or-
thonormal basis {e,} of H;, we find that

D NI8Tenll® < |ISI5 Y |ITenl*

n

whence ST is also a Hilbert-Schmidt operator and that |[ST||l2 < |[|S]|ec||T|]2;

if T is a Hilbert-Schmidt operator, then, so is 7™, and by the already proved
case, also S*T™ is a Hilbert-Schmidt operator, and

TSz = II(TS)ll2 < [IS™MeolT*[l2 = ISlool|Tl2 -

(c) Let Mc = ranly o)(|T']); then M, is a closed subspace of J{; on

which T is bounded below, by €; so, if {e1,...,en} is any orthonormal set in
M., we find that Ne? < 25:1 [|Ten||? < ||T]|3, which clearly implies that

dim M, is finite (and can not be greater than (||T||2/€)?). We may now infer
from Proposition 3.2.7 that T is necessarily compact.

(d) Let Tx = 3, sn(T)(x,xn)y, for all x € 3y, as in Equation (3.2.5),
for an appropriate orthonormal (finite or infinite) sequence {x,} (resp., {yn})
in Hy (resp., in F3). Then notice that ||Tx,|| = s,(T) and that Tz = 0 if
rz L x, VYn. If we compute the Hilbert-Schmidt norm of 7" with respect to an
orthonormal basis obtained by extending the orthonormal set {x,}, we find
that |13 = Y, sn(T)?, as desired. O

REMARK 3.3.4. (1) B?(H) is a two-sided ideal in By(H). (This follows from
Proposition 3.3.3 (b), (d) and the fact that ¢?(N) is a vector space.)

(2) The set Boo(H) of all finite rank operators is the smallest non-zero (two-
sided) ideal of B(H). (Reason: If J is any non-zero ideal in B(3H), there
exists a T' € J and xp,yo € H \ {0} such that Txy = yo. Then, for any
0 # z,y € H, we have

2@y = yol (0 @ y)T (T @ x0) €T

and we are done, because Bgg(H) is linearly spanned by operators of the
form (Z ® y).)
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B?(H,X) is a Hilbert space with respect to the inner product given by

(S,T)e = (Sen,Tey)

for an orthonormal basis € = {e,, } of H; and this definition is independent
of the orthonormal basis e. (Reason: For any orthonormal basis € of H, this
series is convergent (by two applications of the Cauchy-Schwarz inequality,
once in K and then again in £?) and is easily seen to define a sesquilinear
form B, on B?(H, X) with associated quadratic form ¢, being independent
of the orthonormal basis €. It follows from the polarisation identity that
Be is also independent of €. As ¢c(T") > ||Tls, any ge-Cauchy sequence
{T, : n € N} in B%(H,XK) is also a Cauchy sequence in B(H,X). If
T € B(H,X) and | T, — T|| — 0, it follows from the boundedness of
{qe(T})) : n € N} that also T € B?*(H,X) and that q. (T, — T) — 0.
If 3 denotes the ‘conjugate Hilbert space’ of 3 - with an anti-unitary
operator H > f + f — it is not hard to show that {(e; ® f;) : i,j € N}
is an orthonormal basis for B?(H,X) whenever {e, : n € N} (resp.,
{fn : n € N}) is an orthonormal basis for H (resp., X), and hence we have
a natural identification B%(3, %K) = H @ X.)

Boo(H) is dense in the Hilbert space B?(H) as well as in the Banach space
By(H). (The SVD of a compact operator is the fastest way to see this.)

By(H) is the only non-trivial closed ideal in B(H). (Reason: If J is any
non-zero closed ideal in B(H), it follows from items (2) and (4) above
that Bo(H) C J. It suffices to show that By(H) is the largest ideal in
B(H). (This requires separability of F.) Suppose J is a two-sided ideal
containing a non-compact operator 7. Then, by Proposition 3.2.7 (e), we
can find an infinite-dimensional closed subspace M contained in ran(7).
Let N = T~1(M) Nker"(T). Then T is a bijective bounded operator of
N onto M and hence there exists an S € B(M,N) such that T'S = idy.
Since M is infinite-dimensional, there exists an isometry V € B(H) such
that ran(V) = M. It is seen that idsc = V*T'SV € J, whence the ideal J
must be all of B(H).)

Probably the most useful fact regarding Hilbert-Schmidt operators is their

connection with integral operators. (Recall that a measure space (Z, Bz, \) is

said to be o-finite if there exists a partition Z = []2

FE,, such that F, €

n=1

By, u(Ey) < 0o ¥n. The reason for our restricting ourselves to o-finite measure
spaces is that it is only in the presence of some such hypothesis that Fubini’s
theorem is valid.)

PROPOSITION 3.3.5. Let (X, Bx,u) and (Y, By, v) be o-finite measure spaces.
Let H = L*(X,Bx,pn) and KX = L*(Y,By,v). Then the following conditions
on an operator T € B(H,XK) are equivalent:

(i) T € B*(X, 0);
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(ii) there exists k € L*(X x Y, Bx ® By, u x v) such that

(Tg)(z) = /Y E(x,y)9(y) dv(y) v —a.e. ¥V g€ X . (3.3.10)

If these equivalent conditions are satisfied, then,

T[|B2xc,500 = IFllL2(uxw) -

Proof. (ii) = (i): Suppose k € L%(u x v); then, by Tonelli’s theorem, we can
find a set A € By such that u(A) = 0and such that x ¢ A = k% (= k(x,-) ) €
L?(v), and further,

gy = [ W)
It follows from the Cauchy-Schwarz inequality that if ¢ € L?(v), then k%g €
LY (v) V x ¢ A; hence equation (3.3.10) does indeed meaningfully define a func-

tion T'g on X \ A, so that T'g is defined almost everywhere; another application
of the Cauchy-Schwarz inequality shows that

2
1Toleg = [ | [ Heaaw) a] duto)
[ 10 9l duta)

X—-A

IN

[ 1B lglBe) dutz)
X—-A

1EZ2 s 19117200y 5
and we thus find that equation (3.3.10) indeed defines a bounded operator
T € B(X,H).

Before proceeding further, note that if ¢ € X and f € H are arbitrary,
then, (by Fubini’s theorem), we find that

(Tg.f) = /X (Tg) ()T (@) dyu(z)

= [ ([ e dvt)) Faaua)
X Y
= (5, @9 L2(uxv) » (3.3.11)

where we have used the notation (f ® §) to denote the function on X x YV

defined by (f @ g)(z,y) = f(x)g(y)-

Suppose now that {e, : n € N} and {g,, : m € M} are orthonormal
bases for H and X respectively; then, notice that also {g,, : m € M} is an
orthonormal basis for X; deduce from equation (3.3.11) above that

Z |<T9maen>?f|2 = Z |(k, en ®§m>L2(MXV)|2

meMneN meMneN

1EIZ2 o)
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thus 7" is a Hilbert-Schmidt operator with Hilbert-Schmidt norm agreeing with
the norm of k as an element of L?(u x v).

(1) = (i1) : T : X — H is a Hilbert-Schmidt operator, then, in particular
— see Proposition 3.3.3(c) — T is compact; let

> Anlgign)f

be the singular value decomposition of T' (see Proposition 3.2.10). Thus {g,}
(resp., {fn}) is an orthonormal sequence in X (resp., H) and A, = s,(T). It
follows from Proposition 3.3.3 (d) that )., A2 < oo, and hence we find that the
equation

D a7

defines a unique element k € L?(px v); if T denotes the ‘integral operator’ asso-
ciated to the ‘kernel function’ k as in Equation (3.3.10), we find from equation
(3.3.11) that for arbitrary g € K, f € H, we have

(Tg, fysc = (k,f @G 120uxw)
- ZA fn®§n>f®§>lz2(u><u)

ZA (for )3T T)
- ZAH fna g gn>

whence we find that T = T and so T is, indeed, the integral operator induced
by the kernel function k. O

EXERCISE 3.3.6. If T and k are related as in Equation (3.3.10), we say that T
18 the integral operator induced by the kernel k, and we shall write T = Int k.

For i = 1,2,3, let H; = L*(X;, By, iu;), where (X;, B, ;) is a o-finite
measure space. Let h € L?(Xo x X3, Bo®@Bg, o X p3), k, k1 € L*( X1 x Xo,B1®
‘BQ,,U,l X /LQ) and let S = Int h € B2(g{3,9{2), T = Int k,Tl = Int kl €
B?(Ho,Hy); show that

(i) if « € C, then T+ oTy = Int (k+ aky);

(ii) if we define k*(x2,21) = k(x1,22), then k* € L*(Xax X1, Bo®@B1, 1a X
1) and T* = Int k*;

(iii) TS € B%(Hs,H1) and TS = Int (k x h), where

(kxh)(x1,23) = ; E(x1, x2)h(za, x3) duo(xs)

for (p1 X pz)-almost all (x1,z3) € X x X.
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(Hint: for (ii), note that k* is a square-integrable kernel, and use equation
(3.3.11) to show that Int k* = (Int k)*; for (iii), note that |(k x h)(x1,x3)| <
E“ | L2 (o) | has || L2 () to conclude that kxh € L?(py x ps); again use Fubini’s
theorem to justify interchanging the orders of integration in the verification that
Int (k+ h) = (Int k)(Int h).)

3.3.2 Trace-class operators

PROPOSITION 3.3.7. 1. The following conditions on an operator T € B(H)
are equivalent:

(a) T is compact and ), . 5,(T) < 00.
(b) There exist Hilbert-Schmidt operators Hy, Hy such that T = Hy Hs.

(c) S |{Txn,yn)| < oo for any pair {z,} and {y,} of orthonormal sets
in H.

The collection of operators satisfying the three equivalent conditions above
is denoted by B*(XH).

2. BY(K) is a self-adjoint two-sided ideal in B(3).

Due to the next property the class B(H) is called the Trace Class and its
elements are said to be trace class operators.

3. If T is of trace class, the sum > (Txp,x,) is absolutely convergent for any
orthonormal basis {xy }, of H; this sum is independent of the orthonormal
basis {xn}n, is called the trace of T, and is denoted by Tr (T).

4. If T € BY(H),A € B(H), then Tr(AT) = Tr(TA). (Note that both
sides of this equation make sense in view of (3) above.) And, in particular
T (UTU*) = Tr (T) for any unitary U.

Proof. (1) (a) = (b) : Let T' = > _n 50(T)Zp ® y,, be the SVD of T'. Let
Hy, = ZneN Sn(T)%(gn & yn) and Hy = ZneN Sn(T)%(fn & yn) Then
the H,;’s are Hilbert-Schmidt operators (these defining equations are, in
fact, the SVD’s of the H;’s, and hence s, (H;) = sn(T)%,i = 1,2 and so,
S sn(H;)? =Y s,(T) < 00) and clearly T = Hy Hs.

(b) = (c) : It follows from (two applications of) the Cauchy-Schwarz
inequality (once in 33 and once in ¢?) and Proposition 3.3.3 that

Z|<T$Cmyn>| < Z|<H2xan1*yn>|
< S lHarall - [Hivl
< [[Hall2]|H7 |2
< o0,

as desired.
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(¢) = (a) : We first wish to show that the assumption (¢) implies
that T is compact. For this, it suffices to prove that |T'| is compact, or
equivalently that ran(1j. o) (|7']) is finite-dimensional, for any e > 0.

Assertion: Let Mc = ran(lje o) (|T]). Suppose M, is infinite-
dimensional for some € > 0. Then there exist orthonormal sets {z,} in
M. and {y,,} in T(M,) such that (Tx,,y,) = ||Tz,| Vn.

Reason: Pick a unit vector z; € M. Then | Tz = |||T|x1]| > e,
so |T|zy # 0. Let z; = IIT_;lH‘TWl' Note that z; € M, since 1g(|T])
commutes with |T| for any Borel set E C R. Let Vi = [{z1,21}].
As Vi is a finite-dimensional subspace of M., we may find a unit vec-
tor 2o € M. N Vit As before, let zp = m|T|ZL’2. Under the as-
sumed infinite dimensionality of M., we may keep repeating this pro-
cess to find an infinite orthonormal set {z,} C M, such that the sub-
spaces V,, = [x,,z,] are pairwise orthogonal subspaces of M., where
2y = ”T—in”|T|xn Define y,, = Uz, where T = U|T| is the polar de-
composition of T Since {z,} is an orthonormal set in M. and hence in
the initial space of U, it follows that {y,} is an orthonormal set. The
construction implies that (T2, yn) = (7|20, U*yn) = (| T|Tn, 2n) =
IT|xn|l > €, so there is no way the infinite series Y |(Tzp,yn)| can

converge; hence the assumed infinite-dimensionality of M. is unten-
able.

So |T'|, and hence T, must be compact.

As T is compact, let {z,, }, {yn } be as in Equation (3.2.5). The desired
result follows by applying condition (3) to this choice of of {z,}, {yn}.

That it is a vector space and is a two-sided ideal follow from 1(c) and 1(b)
of this Proposition, and from Proposition 3.3.3.

The first assertion on absolute convergence of the series follows at once
from 1(c) of this Proposition. For the other assertions in (3), we consider
three cases of increasing levels of generality:

Case (i) T > 0: In this case, it follows from Proposition 3.3.7 (1)
and Proposition 3.3.3 (c) that T2 € B2(H), and the desired conclusions
are consequences of Lemma 3.3.1.

Case (ii) T = T*: Observe that Ty = ljo)(T)T and T =
—1(—00,0(T")T are also trace-class operators, by (2) above. It follows from
the already established Case (i) that both T4, and consequently also T,
have a well-defined trace independent of the orthonormal basis.

Case (iii): T arbitrary: This follows from Case (ii) and the Cartesian
decomposition (since part (2) of this proposition shows that B(XH) is
closed under taking real and imaginary parts.

We prove this also in three stages like (3) above.
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Case (i) T'> 0: In this case, the SVD decomposition or the spectral
theorem will yield decomposition T' = 3 $,,(T)(Zy, ® 2y,) for some or-
thonormal basis {z,,} for ker™T. Extend this orthonormal set {z,,} to an
orthonormal basis{e, } for H, and note that e,, ¢ {x,,} = e, € ker(T) =
Te, = 0; we then find that

Tr(AT) = ) (ATen,en)

n

= Z<AT:Em, ZTon)
Z S (T A, )

while also

Tr (T A) > (TAe,,en)
Z (Aen, Tey)

Z S (T ATy, Tiy) -

Case(ii) T'=T*: Apply the already proved Case (i) for T and use
T=T,—-T_.

Case(iil) T arbitrary: Use the Cartesian decomposition.
O

The next Exercise outlines an alternative proof of part 4 of Proposition
3.3.7.

EXERCISE 3.3.8. (1) If U is unitary and T € BY(H), deduce from part 3 of
Proposition 3.3.7 that Tr (UTU*) = Tr (T).

(2) Show that for unitary U and arbitrary S € B*(H), we have Tr (US) =
Tr (SU). (Hint: Put T = SU in part 1 above.)

(3) Show that for A € B(H) and arbitrary S € BY(H), we have Tr (AS) =
Tr (SA). (Hint: Use Proposition 2.8.1(7) and part 2 of this Ezercise.)
3.3.3 Duality results
In this section, we shall establish the non-commutative analogues of £* = (¢g)*

and £ =2 ((1)*,
For T € BY(H), define its trace norm ||T|; by

IT] = su(T) . (3.3.12)
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PROPOSITION 3.3.9. There erists a linear bijection T < ¢ of BY(H) onto
Bo(H)* such that |T||y = ||é7| o), and hence BY(H) is a Banach space
with respect to || - ||1 such that B*(3) = Bo(H)*.

Similarly, there exists a bijection A < (A) of B(H) onto BY(H)* such
that || Al pao) = |YallBr(5¢)«» and hence B(H) = B*(H)*.

Proof. For T € BY(H), and A € By(H) (resp., A € B(H)), define ¢r(A) =
Tr(AT) (resp., va(T) = Tr(AT)).

Suppose T' = U|T| is the polar decomposition of T and T' = ) s, (T, ®
Ym) is an SVD of T. Let {e,} be a completion of {x,} to an orthonormal
basis of H. Then,

ITe(TA)| = |Tx(AT)
= ‘Z(ATemenH
< 3 sl A, 2|
< TN Al -

Conclude that (i) ¢r € (Bo(H))" and ||¢7|| < |71 and (i) ¥4 € (Bl(f}f))*
and [[¢4]] < [[A]| oo

For T as above, define W,, = ZZ:1 Uk ® xg. Then W is a partial isometry
with finite-dimensional range, so W,, is compact and ||[W,| < 1. Clearly

7]l = sup|dr (Wy)| = sup [Tr(W,T))| = sup Y _ s = |T|h

so indeed ||| = ||T]|1. And if A € B(H), then

[All = sup{|[(Az,y)| : 2,y € S(FH)}
= sup{[Ya(y@u))|: 2,y € S(H)}
< all,

whence indeed ||94]] = ||A]].

On the other hand, if ¢ € (Bo(H))", (resp., ¥ € (BI(U{))*, notice that the
equation By (z,y) = ¢(y @) (resp., By(z,y) = Y(g®@x)) defines a sesquilinear
form on 3 and that |By (2, y)| < [4]| [l«]| [y]l (vesp., [By (2, y)[ < [[¢] =]l [ly])
—since ||(§@)|| = [[(F®z)]1 = 1. Deduce the existence of a bounded operator
T (resp., A) such that By(z,y) = (Tx,y) (resp., By(x,y) = (Az,y)).

It follows that ¢(F) = Tr(TF) and ¢(F) = Tr(AF) whenever F €
Boo(H). Tt follows easily from the SVD that Bgg(H) is dense in B!(H),
which then shows that 1 = ¥ 4. To complete the proof, we should show that
T € BY(H) and that ¢ = ¢r. For this, suppose {z,} and {y,} are a pair of
orthonormal sets. Define

Tk, ye)|
D2k TRIT S (T, 0

1 otherwise
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and F,, = ZZ:l a(yr ® x). Observe now that for each n, the operator F,, is
a partial isometry of finite rank n (and operator norm at most 1) and that

S Tz )l = > aw(Tap,ye)
= k=1

k=1
= Tr(TF,)

(Fy)
< el

$0 > poy [Ty, yi)| < oo.

In particular, we may deduce from Proposition 3.3.7 (1c) that T € B(%).
Since ¢ and ¢ agree on the dense subspace Bgo(3) of By(H), we see that
¢ = ¢, as desired. O

COROLLARY 3.3.10. If T € BY(H), then
Ty = sup { 3 [{Tup,vn)| : {un} and {v,} are orthonormal sets}.

Proof. >: U T =5 $,(T)Tp @ yn, is a SVD of T, then

T = > salT)
= Z<Txnayn>

so indeed the inequality > is valid.

<: Suppose {u,} and {v,} are orthonormal sets. It is clearly enough
to prove the desired inequality under the added assumption that both these
orthonormal sets are infinite. Let 7, be a number of unit modulus such that
[(Ttn,vn)| = Y (Tun, vy). If {e,} is an orthonormal basis for H, define partial
isometries U,V by Ue,, = ypun, Ve, = v,. Then observe that

Y ATup,vn)| = 32 (Tun, vp)
S(TUep, Vey)
Tr (V*TU)
= Tr(TUV™)
71,

IN

since [|[UV*| < 1. O

REMARK 3.3.11. The so-called von Neumann-Schatten p-class is the (non-
closed) two-sided self-adjoint ideal of By (H) defined by BP(H) = {T" € By(H) :
((sn(T))) € £P},1 < p < 00. (To see that BP(H) are ideals in B(H), notice that
sn(UTV) = 8,(T) so that T € BP(H) < UTV € BP(H) whenever U,V are
unitary, then appeal to Proposition 2.8.1 (7).) These are Banach spaces w.r.t.
1T\, = |((sn(T)))|l¢er, and the expected duality statement (BP(H))" = B(H)
where ¢ = p%l is the conjugate index to p. (In thee previous line, if p had been
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1, ¢ should be interpreted as oo.) These may be proved by using the classical
fact (¢P)* = ¢9 and imitating, with obvious modifications, our proof above of
BY(H) = (Bo(30))".

3.4 Fredholm operators

Recall (see Remark 3.3.4 (5)) that By(H) is the unique closed two-sided ideal
in B(H). This section is devoted to invertibility modulo this ideal.

PROPOSITION 3.4.1. (Atkinson’s theorem) If T' € B(Hy,Hs), then the follow-
ing conditions are equivalent:

(a) there exist operators Sy,Se € B(Ha,Hi) and compact operators K; €
B(H;),i = 1,2, such that

ST = ].g-(l + K; and TSy = 1}(2 + K> .

(b) T satisfies the following conditions:

(i) ran T is closed; and

(ii) ker T' and ker T are both finite-dimensional.

(¢) There exists S € B(Ha, H1) such that both idgc, — ST and idge, — T'S
are projections with finite-dimensional range.

Proof. (a) = (b): Begin by fixing a finite-rank operator F' such that ||K; —F|| <

1 (see Proposition 3.2.7(d)); set M = ker F' and note that if z € M, then

1
1] 1Tl 2 151 T2]| = ||z + Kazl| = [lo + (K1 = Fzl] = 5]lz]],

which shows that T is bounded below on M; it follows that 7'(M) is a closed
subspace of Hy; note, however, that M* is finite-dimensional (since F' maps
this space injectively onto its finite-dimensional range). It is a fact — see [Sun]
Exercise A.6.5 (3) — that the vector sum of a closed subspace and a finite-
dimensional subspace (in any Banach space, in fact) is always closed; and hence
T satisfies condition (i) thanks to the obvious identity ran 7' = T(M)+7T(M>).

As for (ii), since S1T = 1g¢, + K, note that Ko = —z for all x € ker T
this means that ker T is a closed subspace which is contained in ran K7 and the
compactness of K7 now demands the finite-dimensionality of ker 7". Similarly,
ker T* C ran KJ and condition (ii) is verified.

(b) = (c) : Let Ny = ker T, Ny = ker T* (= ran*T); thus 7' maps Ni
1-1 onto ran T the condition (b) and the open mapping theorem imply the
existence of a bounded operator Sy € B(Ny, Ni) such that Sy is the inverse of
the restricted operator Ty ; if we set S = SoPyy, then S € B(Hz,H,) and
by definition, we have ST = 1g¢, — Pn, and T'S = 14¢, — Px,; by condition (ii),
both subspaces N; are finite-dimensional.

(¢) = (a) : Obvious. O
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REMARK 3.4.2. (1) An operator which satisfies the equivalent conditions of
Atkinson’s theorem is called a Fredholm operator, and the collection of Fred-
holm operators from H; to Hy is denoted by F(Hy,Hs), and as usual, we
shall write F(H) = F(H,H). It must be observed — as a consequence of
Atkinson’s theorem, for instance — that a necessary and sufficient condition
for F(Hy,Hs) to be non-empty is that either (i) H; and Hy are both finite-
dimensional, in which case B(H;,Hs) = F(Hq, Hs), or (i) both H; and Hy
are infinite-dimensional (under the standing assumption of only considering
separable Hilbert spaces in the discussion).

(2) The quotient Q(H) = B(H)/Bo(H) (of B(H) by the ideal By(H)) is
a Banach algebra, which is called the Calkin algebra. If we write 7, : B(H) —
Q(H) for the quotient mapping, then we find that an operator T' € B(H) is a
Fredholm operator precisely when 7, (T) is invertible in the Calkin algebra;
thus, F(H) = W];;(Q(Q(f}())) — where the symbol G(A) stands for ‘group of
invertible elements of the unital algebra A’. (It is a fact, which we shall not need
and consequently do not go into here, that the Calkin algebra is a C*-algebra
— as is the quotient of any C*-algebra by a norm-closed *-ideal.)

(3) It is customary to use the adjective ‘essential’ to describe a property
of an operator T' € B(H) which is actually a property of the corresponding
element wp, (T) of the Calkin algebra, thus, for instance, the essential spectrum
of T is defined to be

Gess(T) = oo@o(mp,(T)) = {A€C: (T—X) & F(H)}.  (34.13)

O

The next exercise is devoted to illustrating the notions of Fredholm oper-
ator and essential spectrum at least in the case of normal operators.

EXERCISE 3.4.3. (1) Let T € B(Hy,Hsz) have polar decomposition T = U|T)|.
Then show that

(CL) T e ?(:H:l,g'fg) & Ue 9:(9{1,3‘(2) and ‘T| € 3:(9{1)

(b) A partial isometry is a Fredholm operator if and only if both its initial
and final spaces have finite co-dimension (i.e., have finite-dimensional orthog-
onal complements).

(Hint: for both parts, use the characterisation of a Fredholm operator which is
given by Proposition 3.4.1(b).)

(2) If Hy = Hy = H, consider the following conditions on an operator
T € B(H):

(i) T is normal;

(i) U and |T| commute.
Show that (i) = (ii), and find an example to show that the reverse implication
is not valid in general.
(Hint: if T is normal, then note that

|T|°U = T*TU = TT*U = U|T|*°U*U = U|T|?;



3.4. Fredholm operators 81

thus U commutes with |T|?; deduce that in the decomposition H = ker T &
ker™ T, we have U = 0 ® Uy, |T| = 0@ A, where Uy (resp., A) is a unitary
(resp., positive injective) operator of ker™ T onto (resp., into) itself; and infer
that Uy and A% commute; since Uy is unitary, deduce from the uniqueness of
positive square roots that Uy commutes with A, and finally that U and |T|
commute; for the ‘reverse implication’, let T denote the unilateral shift, and
note that U =T and |T| =1.)

(3) Suppose T = U|T| is a normal operator as in (2) above. Then show
that the following conditions on T are equivalent:

(i) T is a Fredholm operator;

(ii) there exists an orthogonal direct-sum decomposition H = M@N, where
dim N < oo, with respect to which T has the form T =T, ® 0, where Ty is an
inwvertible normal operator on M;

(iii) there exists an € > 0 such that 1p (T) = 170y(T) = Fo, where (a)
E — 15(T) denotes the measurable functional calculus for T, (b) D, = {z €
C : |z| < €} is the e-disc around the origin, and (c) Py is some finite-rank
projection.
(Hint: For (i) = (ii), note, as in the hint for exercise (2) above, that we have
decompositions U = Uy ® 0, |T| = A ® 0 — with respect to H = M @ N,
with M = ker™ T and N = ker T finite-dimensional under the assumption (i) -
where Uy is unitary, A is 1-1 and positive, and Uy and A commute; deduce from
the Fredholm condition that N is finite-dimensional and that A is invertible;
conclude that in this decomposition, T = UyA @& 0 and UyA is normal and
invertible. For (i) = (uii), if T = Th ® 0 has polar decomposition T = U|T,
then |T| = |Th| ® 0 and U = Uy & 0 with Uy unitary and |Ty| positive and
invertible; then if € > 0 is such that Ty is bounded below by €, then arque that
15,(T) = 10,0 (IT]) = Loy (IT]) = 110} (T) = Px.)

(4) Let T € B(H) be normal; prove that the following conditions on a
complex number X\ are equivalent:

(i) A ¢ Oess(T);

(i) there exists an orthogonal direct-sum decomposition H = MBN, where
dim N < oo, with respect to which T has the form T =Ty ® X, where (T1 — \)
is an invertible normal operator on M;

(iii) there exists € > 0 such that 1p, 4 A(T') = 143} (T) = Py, where D¢ + A
denotes the e-disc around the point A, and Py is some finite-rank projection.
(Hint: apply (3) above to T — \.)

We now come to an important definition.

DEFINITION 3.4.4. If T € F(Hy,Hs) is a Fredholm operator, its (Fredholm)
index is the integer defined by

ind T' = dim(ker T") — dim(ker 7).

Several elementary properties of the index are discussed in the following
remark.
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REMARK 3.4.5. (1) The index of a normal Fredholm operator is always 0. (Rea-
son: If T € B(H) is a normal operator, then |T'|? = |T*|?, and the uniqueness of
the square root implies that |T'| = |T™*|; it follows that ker T' = ker |T'| = ker T*.)

(2) Tt should be clear from the definitions that if "= U|T| is the polar
decomposition of a Fredholm operator, then ind 7' =ind U.

(3) If H; and Hy are finite-dimensional, then B(3y,Hs) = F(Hy, Hs)
and ind7 = dimH; — dimHy V T € B(H;,Hs); in particular, the index is
independent of the operator in this case. (Reason: let us write p = dim(ran T')
(resp., p* = dim(ran 7%)) and v = dim(ker T") (resp., v* = dim(ker T*)) for
the rank and nullity of 7' (resp., T*); on the one hand, deduce from Exercise
3.1.6(3) that if dim3; = n;, then p = ny — v and p* = ny — v*; on the other
hand, by Exercise 3.1.6(2), we find that p = p*; hence,

indT=v—v"=(Mn—p)—(n2—p)=n1 —nz .)

(4) If S = UTV, where S € B(H1,H4),U € B(Hsz, Hy), T € B(Ha, Hs),
V € B(H1,Hs), and if U and V are invertible (i.e., are 1-1 and onto), then S
is a Fredholm operator if and only if 7" is, in which case, ind S = ind T'. (This
should be clear from Atkinson’s theorem and the definition of the index.)

(5) Suppose H; = N; @ M; and dimN; < oo, for ¢ = 1,2; suppose
T € B(Hy,Hs) is such that T maps Ny into Na, and such that 7" maps M,
1-1 onto My. Thus, with respect to these decompositions, 7" has the matrix

decomposition
A 0
r- [0 b]

where D is invertible; then it follows from Atkinson’s theorem that T is a
Fredholm operator, and the assumed invertibility of D implies that ind T =
ind A = dimN; — dim Ny, see (3) above. O

LEMMA 3.4.6. Suppose H; = N; ®@M;, fori = 1,2; suppose T € B(Hy,Hs) has
the associated matriz decomposition

A B
r- e s

where A € B(N17N2),B S B(M17N2)7C S B(Nl,MQ), and D € B(Ml,MQ);
assume that D is invertible — i.e, D maps My 1-1 onto Ms. Then

T e 9:(}(1,}(2) = (A—BDilc) GF(Nl,Ng) R

and ind T = ind (A — BD~YC); in particular, if dim N; < oo, i = 1,2, then T
1s mecessarily a Fredholm operator and ind T'= dim N} — dim N5,
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Proof. Let U € B(Hsz) (resp., V. € B(H;)) be the operator which has the
matrix decomposition

. 1N2 —Bl)_1 B lNl 0
U = [ 0 o, }, (resp., V = [—D‘lC Ing, ] )

with respect to Ho = No & Mo (resp., H; = Ny & My).
Note that U and V are invertible operators, and that

_ -1
UTV:[A BD1C 0};

0 D

since D is invertible, we see that ker(UTV) = ker(A — BD~'C) and that
ker(UTV)* = ker(A — BD~'C)*; also, it should be clear that UTV has closed
range if and only if (A — BD~1C) has closed range; we thus see that T is a
Fredholm operator precisely when (A—BD~1C) is Fredholm, and that ind T' =
ind (A— BD~1C) in that case. For the final assertion of the lemma (concerning
finite-dimensional N;’s), appeal now to Remark 3.4.5(5). O

We now state some simple facts in an exercise, before proceeding to es-
tablish the main facts concerning the index of Fredholm operators.

EXERCISE 3.4.7. (1) Suppose Dy € B(H1,Hz) is an invertible operator; show
that there exists € > 0 such that if D € B(Hy,Hs) satisfies ||D — Dyl| < e,
then D is invertible. (Hint: let Dy = Ug|Dy| be the polar decomposition; write
D = Uy(U; D), note that ||D — Dy|| = ||(U; D — |Dol)||, and that D is invertible
if and only if U§D is invertible, and use the fact that the set of invertible
elements in any Banach algebra (B(Hy) in this case) form an open set.)

(2) Show that a function ¢ : [0, 1] — Z which is locally constant, is neces-
sarily globally constant.

(3) Suppose H; = N; @ M;,i = 1,2, are orthogonal direct sum decomposi-
tions of Hilbert spaces.
(a) Suppose T € B(FH;,Hs) is represented by the operator matriz

A0
r=[en]

where A and D are invertible operators; show, then, that T is also invertible
and that T~ is represented by the operator matriz

At 0
-1 _
= [—chAl Dl} '

(b) Suppose T' € B(Hy,Hs) is represented by the operator matriz

0 B
r= el
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where B is an invertible operator; show that T € F(Hy,Hs) if and only if
C € F(N1,Mz), and that if this happens, then ind T' = ind C.

THEOREM 3.4.8. (a) F(H;y,Hz) is an open set in B(Hq,Hs) and the function
ind : F(Hy,Hs) — C is ‘locally constant’; i.e., if Ty € F(Hy,Hs), then there
exists 0 > 0 such that whenever T € B(Hy,Hs) satisfies ||T — Tol| < 6, it is
then the case that T € F(Hi,Hs) and ind T = ind T.

(b) T e ?(%1,5{2),}-{ € Bo(f}Cl,fHQ) = (T+K) S 9?(‘}(1,}(2) and ind (T-I—
K) = indT.

(¢c) S € F(Ha, Hs), T € F(H1, Ha) = ST € F(Hy,H3) and ind (ST) =
ind S +ind T

Proof. (a) Suppose Ty € F(H;,Hz). Set Ny = kerTy and Ny = ker Tjj, so
that N;,7 = 1,2, are finite-dimensional spaces and we have the orthogonal
decompositions H; = N; & M;, ¢ = 1,2, where My = ran Tjj and My = ran T.
With respect to these decompositions of H; and JHs, it is clear that the matrix

of Ty has the form
0 O
To= [ 0 Dy } ’

where the operator Dy : My — My is (a bounded bijection, and hence) invert-
ible.

Since Dy is invertible, it follows — see Exercise 3.4.7(1) — that there exists
a d > 0 such that D € B(My,Mz), ||D —Dy|| <§ = D is invertible. Suppose
now that T' € B(Hy,Hs) and ||T — Tol| < 6; let

SR

be the matrix decomposition associated to T'; then note that ||D — Dy|| < &
and consequently D is an invertible operator. Conclude from Lemma 3.4.6 that
T is a Fredholm operator and that

ind T =ind (A — BD™'C) = dimN; — dim Ny = ind Ty .

(b) If T is a Fredholm operator and K is compact, as in (b), define T; =
T+ tK, for 0 < t < 1. It follows from Proposition 3.4.1 that each T} is a
Fredholm operator; further, it is a consequence of (a) above that the function
[0,1] > ¢ ~ ind Ty is a locally constant function on the interval [0,1]; the
desired conclusion follows easily — see Exercise 3.4.7(2).

(c) Let us write X1 = H; & Ho and Ko = Ho @ Hs, and consider the op-
erators U € B(X2), R € B(X1,X2) and V € B(X;) defined, by their matrices
with respect to the afore-mentioned direct-sum decompositions of these spaces,

as follows:
o 1{]-(2 0 o T 61{}(2
U—[—e—ls 19{3]’}%—{0 S]’
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—611}(1 0

V= T e Mg, |

where we first choose € > 0 to be so small as to ensure that R is a Fredholm
operator with index equal to ind T+ ind S; this is possible by (a) above, since
the operator Ry, which is defined by modifying the definition of R so that the
‘off-diagonal’ terms are zero and the diagonal terms are unaffected, is clearly a
Fredholm operator with index equal to the sum of the indices of S and T

It is easy to see that U and V are invertible operators — see Exer-
cise 3.4.7(3)(a) — and that the matrix decomposition of the product URV €
F(K1,K2) is given by:

[0 1
URV = [ST 0 },

which is seen — see Exercise 3.4.7(3)(b) — to imply that ST € F(H;,H3) and
that ind (ST) = ind R =ind S + ind 7', as desired. O

ExXAMPLE 3.4.9. Fix a separable infinite-dimensional Hilbert space 3; for the
sake of definiteness, we assume that 3 = ¢2. Let S € B(H) denote the unilateral
shift — see Example 1.7.9(1). Then, S is a Fredholm operator with ind S = —1,
and ind S* = 1; hence Theorem 3.4.8 (¢) implies that if n € N, then S™ € F(H)
and ind (S™) = —n and ind (S*)"™ = n; in particular, there exist operators with
all possible indices.

Let us write F,, = {T € F(H) : ind T = n}, for each n € Z.

First consider the case n = 0. Suppose T' € Fy; then it is possible to find
a partial isometry Uy with initial space equal to ker " and final space equal to
ker T%); then define T, = T + tUy. Observe that ¢t # 0 = T} is invertible; and
hence, the map [0,1] 5 ¢t — T; € B(H) (which is clearly norm-continuous) is
seen to define a path — see Exercise 3.4.10(1) — which is contained in F, and
connects Ty to an invertible operator; on the other hand, the set of invertible
operators is a path-connected subset of Fy; it follows that Fy is path-connected.

Next consider the case n > 0. Suppose T' € JF,,,n < 0. Then note that
T(S*)™ € Fo (by Theorem 3.4.8(c)) and since (S*)"S™ = 1, we find that T =
T(S*)™S™ € FyS™; conversely since Theorem 3.4.8(c) implies that Fo.S™ C F,,
we thus find that &, = F5™.

For n > 0, we find, by taking adjoints, that F,, = F*, = (5*)"F.

We conclude that for all n € Z, the set F,, is path-connected; on the other
hand, since the index is ‘locally constant’, we can conclude that {F, : n € Z}
is precisely the collection of ‘path-components’ (= maximal path-connected
subsets) of F(I). O

EXERCISE 3.4.10. (1) A path in a topological space X is a continuous function
f 00,1 — X; if f(0) = 2, f(1) = y, then f is called a path joining (or
connecting) x to y. Define a relation ~ on X by stipulating that x ~ y if and
only if there exists a path joining x to y.
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Show that ~ is an equivalence relation on X.

The equivalence classes associated to the relation ~ are called the path-
components of X ; the space X is said to be path-connected if X is itself a path
component.

(2) Let 3 be a separable Hilbert space. In this exercise, we regard B(H) as being
topologised by the operator norm.

(a) Show that the set Bso(H) of self-adjoint operators on H is path-
connected. (Hint: Consider t — tT'.)

(b) Show that the set B () of positive operators on H is path-connected.
(Hint: Note that if T > 0,t € [0,1], then tT > 0.)

(¢) Show that the set GL,(3) of invertible positive operators on H form a
connected set. (Hint: If T € GL1 (), use straight line segments to first connect
T to ||T|| -1, and then ||T||-1 to 1.)

(d) Show that the set UW(H) of unitary operators on H is path-connected.
(Hint: If U € W(H), find a self-adjoint A such that U = e'* — see Proposition
2.8.1(4) — and look at Uy = e™*4.)

We would like to conclude this section with the so-called ‘spectral theorem
for a general n’. As a preamble, we start with an exercise which is devoted
to ‘algebraic (possibly non-orthogonal) direct sums’ and associated non-self-
adjoint projections.

EXERCISE 3.4.11. (1) Let 3 be a Hilbert space, and let M and N denote closed
subspaces of H. Show that the following conditions are equivalent:

(a) H=M+N and MNN = {0};

(b) every vector z € H is uniquely expressible in the form z = x + y with
reM,yeN.

(2) If the equivalent conditions of (1) above are satisfied, show that there exists
a unique E € B(H) such that Ez = x, whenever z and x are as in (b) above.
(Hint: note that z = Ez+(z— Ez) and use the closed graph theorem to establish
the boundedness of E.)

(3) If E is as in (2) above, then show that
(a) E = E?;
(b) the following conditions on a vector x € H are equivalent:
(i) x € ran E;
(ii) Ex = .
(c) ker E =N.
The operator E is said to be the ‘projection on M along N’.

(4) Show that the following conditions on an operator E € B(H) are equivalent:
(i) E = E?;
(i) there exists a closed subspace M C H such that E has an operator-
matriz (with respect to the decomposition H = M @ M*) of the form:

_ | Im B | .
g= % 7]
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(i) there exists a closed subspace N C H such that E has an operator-
matriz (with respect to the decomposition H = N+ @ N) of the form:

[ 0]
e- %)

(iv) there exist closed subspaces M, N satisfying the equivalent conditions
of (1) such that E is the projection on M along N.
(Hint: (i) = (i) : M = ran E (= ker(1 — E)) is a closed subspace and
Ex =2 VY xeM; since M =ran E, (ii) follows. The implication (ii) = (i) is
verified by easy matriz-multiplication. Finally, if we let (1)* (resp., (ii)*) denote
the condition obtained by replacing E by E* in condition (i) (resp., (ii)), then
(1) & (1)* < (i1)*; take adjoints to find that (i1)* < (iti). The implication
(1) & (iv) is clear.)

(5) Show that the following conditions on an idempotent operator E € B(H),
i.e., B> = E, are equivalent:

(i) E = E*;

(ii) || || = 1.
(Hint: Assume E is represented in matriz form, as in (4)(iii) above; notice that
z €Nt = ||Ex||? = ||z||? + ||Cz||?; conclude that ||E|]| =1 & C=0.)

(6) If E is the projection onto M along N — as above — show that there exists
an invertible operator S € B(H) such that SES™! = Py. (Hint: Assume E
and B are related as in (4)(ii) above; define

_ | Im B .
s= % 2L

deduce from (a transposed version of) Ezercise 3.4.7 that S is invertible, and

that
1 B 1 B 1 —-B
0 1y 0 0 0 lype
1y O
0 0] °

(7) Show that the following conditions on an operator T € B(H) are equivalent:
(a) there exists closed subspaces M, N as in (1) above such that
(i) T(M) C M and T\ = A; and
(i) T(N) C N and T|x = B;
(b) there exists an invertible operator S € B(H,M®N) — where the direct
sum considered is an ‘external direct sum’ — such that STS™' = A® B.

SES™!

We will find the following bit of terminology convenient. Call oper-
ators T; € B(H;),i = 1,2, similar if there exists an invertible operator
S e B(g‘fl,f}cg) such that T, = STlsil.
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LEMMA 3.4.12. The following conditions on an operator T € B(H) are equiv-
alent:
(a) T is similar to an operator of the form Ty & Q € B(M @& N), where
(i) N is finite-dimensional;
(i) Ty is invertible, and Q) is nilpotent.

(b) T € F(H),ind (T) = 0 and there exists a positive integer n such that
ker T" =ker T™ ¥V m > n.

Proof. (a) = (b) : If STS™! = Ty ® Q, then it is obvious that ST"S~1 =
15 @ Q", which implies — because of the assumed invertibility of Ty — that
ker 7" = S71({0} @ ker Q™), and hence, if n = dimN, then for any m > n,
we see that ker 7™ = S~1({0} & N).

In particular, ker T" is finite-dimensional; similarly ker 7™ is also finite-
dimensional, since (S*)71T*S* = T; @ Q*; further,

ran T =S (ran (Tp @ Q)) = S'(M @ (ran Q)) ,

which is closed since S~! is a homeomorphism, and since the sum of the closed
subspace M @ {0} and the finite-dimensional space ({0} @ ran Q) is closed
in M@ N — see the remark at the end of the first paragraph of the proof of
(a) = (b) of Atkinson’s theorem. Hence T is a Fredholm operator.

Finally,

ind (T') = ind (STS™!) = ind (Tp @ Q) = ind (Q) = 0.

(b) = (a) : Let us write My, = rani T* and Nj, = ker T* for all k € N;
then, clearly,
NicNycC--- 3 My DMy D -+ .

We are told that N,, = N,,, V. m > n. The assumption ind T" = 0 implies
that ind 7™ = 0 V m, and hence, we find that dim(ker 7*") = dim(ker 7"") =
dim(ker T") = dim(ker T*") < oo for all m > n. But since ker T*™ = M}, we
find that Mﬂ-n - M#, from which we may conclude that M,,, = M,, V. m > n.

Let N =N,,, M =M, so that we have

N=kerT™ and M =ranT™ Vm>n. (3.4.14)

The definitions clearly imply that T'(M) C M and T(N) C N (since M and N
are actually invariant under any operator which commutes with 7).

We assert that M and N yield an algebraic direct sum decomposition of H
(in the sense of Exercise 3.4.11(1)). Firstly, if z € H, then T"z € M,, = Ma,,
and hence we can find v € H such that 7"z = T?"v; thus z — T"v € ker T";
ie,ifx =T"v and y = z — x, then x € M,y € N and z = x + y; thus, indeed
H = M+N. Notice that T' (and hence also T™) maps M onto itself; in particular,
if z € MNN, we can find an x € M such that z = T"z; the assumption
z € N implies that 0 = 7"z = T?"x; this means that € Ny, = N,,, whence
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z = T"z = 0; since z was arbitrary, we have shown that NNM = {0}, and our
assertion has been substantiated.

If Ty = T and Q = Ty, the (already proved) fact that M NN = {0}
implies that 7™ is 1-1 on M; thus 7§ is 1-1; hence T} is 1-1; it has already
been noted that Ty maps M onto M; hence Tj is indeed invertible; on the other
hand, it is obvious that Q™ is the zero operator on N. O

COROLLARY 3.4.13. Let K € Bo(H); assume 0 # X € o(K); then K is similar
to an operator of the form K1 & A € B(M & N), where

(a) K1 € Bo(M) and X\ ¢ o(Ky); and

(b) N is a finite-dimensional space, and o(A) = {\}.

Proof. Put T = K — \; then, the hypothesis and Theorem 3.4.8 ensure that T’
is a Fredholm operator with ind (7') = 0. Consider the non-decreasing sequence

ker T Cker T C --- Cker T™ C -+ . (3.4.15)

Suppose ker T" # ker T"*t! V n; then we can pick a unit vector
z, € (ker T"tY) N (ker T™)L for each n. Clearly the sequence {z,}3; is
an orthonormal set. Hence, lim,, || Kz, || = 0 (by Exercise 3.2.4(3)).

On the other hand,

Ty € ker TP = Tz, € ker T"
= (Txn,2,) =0
= (Kz,,x,) = A

contradicting the hypothesis that A\ # 0 and the already drawn conclusion that
Kz, — 0.

Hence, it must be the case that ker 7" = ker 77! for some n € N; it
follows easily from this that ker 7" = ker T ¥V m > n.

Thus, we may conclude from Lemma 3.4.12 that there exists an invertible
operator S € B(H, M®N) — where N is finite-dimensional — such that STS™! =
To ® Q, where Ty is invertible and o(Q) = {0}; since K = T + )\, conclude that
SKS™ = (Ty+ M) @ (Q+\); set K1 =T+ A\, A= Q-+, and conclude that
indeed K is compact, A ¢ o(K7) and o(A) = {\}.

d

We are finally ready to state the spectral theorem for a compact operator.

THEOREM 3.4.14. Let K € By(H) be a compact operator on a Hilbert space 3.
Then,

(a) X € o(K)\ {0} = X\ is an eigenvalue of K and X is ‘isolated’ in the
sense that there exists € > 0 such that 0 < |z — A <€ = z¢ o(K);

(b) if X € o(K)\ {0}, then X\ is an eigenvalue with ‘finite algebraic multi-
plicity’ in the strong sense described by Corollary 3.4.13;

(c) o(K) is a countable set, and the only possible accumulation point of
o(K) is 0.
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Proof. Assertions (a) and (b) are immediate consequences of Corollary 3.4.13,
while (c) follows immediately from (a). O



Appendix

Some measure theory

We briefly recall here the two non-trivial theorems from measure theory that
we used in this book. They are the Riesz representation theorem and Lusin’s
theoem. We shall only consider compactly supported probability measures de-
fined in B¢ here.

The former identifies positivity-preserving linear functionals on C(X).
with ¥ a compact Hausdorff space, as being given by integration against pos-
itive regular measures defined on the Borel g-algebra Bsy;. Recall that a finite
positive measure p defined on Bc is said to be regular if it is both inner and
outer regular in the sense that for any £ € By and any € > 0, there exists a
compact set K and and open set U such that K ¢ E C U and pu(U \ K) < e.
We spell out a consequence of this regularity below.

LEMMA Al. C(X) is dense in LP(3, ) for each p € [1,00).5

Proof. Since simple functions are dense in L?, it is enough to show that func-
tions of the form 1p,E € B¢ are in the LP-closure of C(C). If E € B¢
and € > 0, pick a compact K and open U as in the paragraph preceding
the lemma. Next invoke Urysohn’s lemma to find an f € C(C) such that
1x < f < 1py. Observe that {z € C : f(z) = 1g(z)} D KU (C\U) and
hence {z € C: f(z) # 1g(2)} C (U \ K), and since 0 < 1g, f < 1, we see that

/\f—lE\pduﬁu(U\K)<e,

as desired. 0

Lusin’s theorem says that if ¢ is any bounded Borel measurable function,
and if € > 0 is arbitrary, then there exists an f € C(C) such that p({r € C:
o(x) # f(x)}) < e. We shall need the following consequence:

5Strictly speaking, C(X) is not contained in LP(3, ), but there is a natural mapping -
sending an element of C'(X) to the equivalence class (mod ) that it defines, which satisfies
Ifllze s, < flles) - from C(X) onto a dense subspace of LP(X, u).
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LEMMA A2. For any function ¢ € L>°(C, B¢, i), there exists a sequence { [, :
n € N} € C(C) such that sup{|f.(2)| : z € C} < ||@||poo(uy for alln and
fn = & in (1-) measure.

Proof. By Lusin’s theorem, we may, for each n € N, find an f,, € C(C) such

that u({z € C: fu(2) # #(2)}) < L. Let r: C = {z € C: |2] < |¢|lp(w}
denote the radial retraction defined by

z if 2] < (|9l Lo ()
r(z) = (—||¢|||L;(“) z otherwise

and set g, = ro f,. Then notice that |g, (2)| < [|¢[| () for all z € C and that
{l¢l < @l o} N {fn = ¢} C {gn = ¢}; or equivalently, {g, # ¢} C {|¢] >
Il poe ()} U {fr # &} so that u({gn # ¢}) < L and so indeed the continuous
functions {g, : n € N} are uniformly bounded by ||¢|| - (,) and converge in (1)
measure to ¢. O

Some pedagogical subtleties

I believe the natural stage to discuss the measurable functional calculus is in
the language of von Neumann algebras. The more symmetric formulation of the
spectral theorem is to say that the continuous (resp., measurable) functional
calculus is an isomorphism of C(o(T)) (resp., L>(c(T'), u) for appropriate p)
onto C*(T) (resp., W*(T)) in the category of C*-algebras (resp., W*-algebras).
This is what was done in [Sun], but that approach necessitates a digression into
C*-algebras and W*(= von Neumann) algebras.

But my goal here was to convey the essence of the spectral theorem in
purely ‘operator-theoreric’ terms (not making too many demands of a graduate
student just getting introduced to functional analysis). This is made possible
thanks to the considerations described in the next paragraphs.

One of many equivalent definitions of a von Neumann algebra is as a
unital *-subalgebra of B(H) which is closed in the SOT. In fact, I never even
defined the acronym SOT properly. In fact the strong operator topology is the
smallest topology on B(H) for which B(H) > T — Tz € H is continuous for
each x € H. More formally, the collection of sets of the form {T" € B(H) :
|ITx — Tox|| < €}, with (Ty, x, €) ranging over B(H) x H x (0, 00), yields a sub-
base for this topology. If one carried this formal process just a little further, one
finds, fairly quickly, various unpleasant pathologies (even when H is separable,
but infinite-dimensional) such as: (i) this topological space does not satisfy
‘the first axiom of countability’, as a result of which sequential convergence
is generally insufficient to describe the possible nastiness that this topological
algebra is capable of exhibiting, and one needs to deal with nets or filters
instead; (ii) the product mapping B(H) x B(H) > (S,T) — ST € B(H) is not
continuous, contrary to what Lemma 2.2.5 (2) might lead one to expect; and
(iii) the adjoint mapping B(H) > T +— T* € B(H) is not continuous.
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Fortunately, it is possible to not have to deal with the unpleasant features
of the SOT that were advertised above, thanks to the useful Kaplansky Density
Theorem which ensures that if a *-algebra A is SOT-dense in a von Neumann

algebra M, then it is sequentially dense; more precisely, the theorem says that

if T' € M, then one can find a sequence {T,, : n € N} C A such that T, sot

T; and such an approximating sequence can be found so that, in addition,
17| < ||IT|| ¥n € N. Our interest here lies naturally in the case A = C*(T)
and M = W*(T), for a normal 7.






Bibliography

[Hal] P. R. Halmos, Introduction to Hilbert Space and Spectral Multipli-
city, Chelsea Publishing House, 1951.

[Hall] P. R. Halmos, Measure Theory, Springer-Verlag, New York, 1974.

[Hal2] P. R. Halmos, A Hilbert space Problem Book, Springer-Verlag, New
York, 1974.

[Put] C.R. Putnam, On normal operators in Hilbert space, Am. J. Math.
73 (1951) 35-36.

[Fug] B. Fuglede, A commutativity theorem for normal operators, Proc.
of Nat. Acad. Sci., 36, 1950, 36-40.

[Sun] V.S. Sunder, Functional Analysis: Spectral Theory, TRIM Series,
No. 13, Hindustan Book Agency, Delhi, 1997, and Birkhauser Ad-
vanced Texts, Basel, 1997.

[AthSun]  S.R. Athreya and V.S. Sunder, Measure and Probability, Universi-
ties Press, Hyderabad, 2008.

[Yos] K. Yosida, Functional Analysis, Springer, Berlin, 1965.

© Springer Science+Business Media Singapore 2016 and Hindustan Book Agency 2015 95

V.S. Sunder, Operators on Hilbert Space, Texts and Readings in Mathematics 71,
DOI 10.1007/978-981-10-1816-9






Index

adjoint, 16
approximate eigenvalue, 20
Atkinson’s theorem, 79

B(H), 1

B(H,X), 14

BY(H), 74

BP(H), 68

By(3H), 64

Boo(H), 68

Banach algebra, 14
Banach space, 4
Bessel’s inequality, 7
bilateral shift, 28
bounded operators, 14
bounded sesquilinear form, 15

C*-algebra, 31

C*-identity, 31

Calkin algebra, 80

Cartesian decomposition, 19

Cauchy-Schwarz inequality, 3

compact operators, 60

Continuous Functional Calculus,
39, 46

convex, 58

convex hull, 58

cyclic, 33

cyclic vector, 33

dimension, 11
direct sum, 23

equivalent representations, 32
essential spectrum, 80
extreme point, 58

final space, 56

Fourier coefficients, 11
Fourier series, 11
Fredholm index, 81
Fredholm operator, 80
Fuglede Theorem, 48

Hahn-Hellinger theorem, 40
Hermitian, 18

Hilbert space, 2
Hilbert-Schmidt norm, 69
Hilbert-Schmidt operator, 69

initial space, 56

inner product, 2

inner product space, 2
isometry, 25

joint spectrum, 52
Kaplansky Density Theorem, 93
Lusin’s theorem, 91

max-min principle, 67
Measurable Functional Calculus,
39, 46

normal, 18, 31
normed space, 4

orthogonal, 3

orthogonal complement, 12
orthogonal projection, 21
orthonormal, 6
orthonormal basis, 8

parallelogram identity, 3
partial isometry, 56

© Springer Science+Business Media Singapore 2016 and Hindustan Book Agency 2015 97
V.S. Sunder, Operators on Hilbert Space, Texts and Readings in Mathematics 71,

DOI 10.1007/978-981-10-1816-9



98

path, 85
path-components, 86
path-connected, 86
Polar Decomposition, 57
polarisation identity, 15
positive, 53

Rayleigh-Ritz principle, 67
regularity of measures, 91
representation, 32

Riesz lemma, 14

Riesz representation theorem, 34

scalar spectral measure, 48
self-adjoint, 18

separable, 5

sequential SOT convergence, 40
sequentially dense, 93

similar, 87

singular value decomposition, 66
singular values, 66

SOT convergent sequence, 39
spectral mapping theorem, 15
spectral measure, 46

spectral multiplicity function, 40
spectral radius formula, 16
spectrum, 15

strong operator topology, 35, 92
system {E;;} of matrix units, 24

total, 10, 35
Trace Class, 74
trace class operators, 74

unilateral shift, 28
unitarily equivalent, 27
unitary, 26

von Neumann-Schatten ideals, 68
von Neumann-Schatten p-class, 78

T ®y, 66

Index



Texts and Readings in Mathematics

1.
2.
3
4
5.
6
7
8
9

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.
21.

22.
23.
24.
25.
26.

27.
28.
29.
30.
31.
32.
33.

34.
35.
36.
37.

R. B. Bapat: Linear Algebra and Linear Models (Third Edition)
Rajendra Bhatia: Fourier Series (Second Edition)

. C. Musili: Representations of Finite Groups
. H. Helson: Linear Algebra (Second Edition)

D. Sarason: Complex Function Theory (Second Edition)

. M. G. Nadkarni: Basic Ergodic Theory (Third Edition)
. H. Helson: Harmonic Analysis (Second Edition)
. K. Chandrasekharan: A Course on Integration Theory

K. Chandrasekharan: A Course on Topological Groups

R. Bhatia (ed.): Analysis, Geometry and Probability

K. R. Davidson: C*-Algebras by Example (Reprint)

M. Bhattacharjee et al.: Notes on Infinite Permutation Groups

V. S. Sunder: Functional Analysis — Spectral Theory

V. S. Varadarajan: Algebra in Ancient and Modern Times

M. G. Nadkarni: Spectral Theory of Dynamical Systems

A. Borel: Semisimple Groups and Riemannian Symmetric Spaces

M. Marcolli: Seiberg-Witten Gauge Theory

A. Bottcher and S. M. Grudsky: Toeplitz Matrices, Asymptotic Linear
Algebra and Functional Analysis

A. R. Rao and P. Bhimasankaram: Linear Algebra (Second Edition)

C. Musili: Algebraic Geometry for Beginners

A. R. Rajwade: Convex Polyhedra with Regularity Conditions and Hilbert’s
Third Problem

S. Kumaresan: A Course in Differential Geometry and Lie Groups

Stef Tijs: Introduction to Game Theory

B. Sury: The Congruence Subgroup Problem

R. Bhatia (ed.): Connected at Infinity

K. Mukherjea: Differential Calculus in Normed Linear Spaces (Second
Edition)

Satya Deo: Algebraic Topology: A Primer (Corrected Reprint)

S. Kesavan: Nonlinear Functional Analysis: A First Course

S. Szab6: Topics in Factorization of Abelian Groups

S. Kumaresan and G. Santhanam: An Expedition to Geometry

D. Mumford: Lectures on Curves on an Algebraic Surface (Reprint)

J. W. Milnor and J. D. Stasheff: Characteristic Classes (Reprint)

K. R. Parthasarathy: Introduction to Probability and Measure
(Corrected Reprint)

Amiya Mukherjee: Topics in Differential Topology

K. R. Parthasarathy: Mathematical Foundations of Quantum Mechanics

K. B. Athreya and S. N. Lahiri: Measure Theory

Terence Tao: Analysis | (Third Edition)

© Springer Science+Business Media Singapore 2016 and Hindustan Book Agency 2015

V.S.
DOI

Sunder, Operators on Hilbert Space, Texts and Readings in Mathematics 71,
10.1007/978-981-10-1816-9

99



100 Texts and Readings in Mathematics

38. Terence Tao: Analysis Il (Third Edition)

39. W. Decker and C. Lossen: Computing in Algebraic Geometry

40. A. Goswami and B. V. Rao: A Course in Applied Stochastic Processes

41. K. B. Athreya and S. N. Lahiri: Probability Theory

42. A. R. Rajwade and A. K. Bhandari: Surprises and Counterexamples in
Real Function Theory

43. G. H. Golub and C. F. Van Loan: Matrix Computations (Reprint of the
Third Edition)

44. Rajendra Bhatia: Positive Definite Matrices

45. K. R. Parthasarathy: Coding Theorems of Classical and Quantum
Information Theory (Second Edition)

46. C. S. Seshadri: Introduction to the Theory of Standard Monomials
(Second Edition)

47. Alain Connes and Matilde Marcolli: Noncommutative Geometry, Quantum
Fields and Motives

48. Vivek S. Borkar: Stochastic Approximation: A Dynamical Systems
Viewpoint

49. B. J. Venkatachala: Inequalities: An Approach Through Problems

50. Rajendra Bhatia: Notes on Functional Analysis

51. A. Clebsch (ed.): Jacobi’s Lectures on Dynamics (Second Revised Edition)

52. S. Kesavan: Functional Analysis

53. V. Lakshmibai and Justin Brown: Flag Varieties: An Interplay of Geometry,
Combinatorics, and Representation Theory

54. S. Ramasubramanian: Lectures on Insurance Models

55. Sebastian M. Cioaba and M. Ram Murty: A First Course in Graph Theory
and Combinatorics

56. Bamdad R. Yahaghi: Iranian Mathematics Competitions, 1973-2007

57. Aloke Dey: Incomplete Block Designs

58. R. B. Bapat: Graphs and Matrices (Second Edition)

59. Hermann Weyl: Algebraic Theory of Numbers (Reprint)

60. Carl Ludwig Siegel: Transcendental Numbers (Reprint)

61. Steven J. Miller and Ramin Takloo-Bighash: An Invitation to Number Theory
(Reprint)

62. John Milnor: Dynamics in One Complex Variable (Reprint)

63. R. P. Pakshirajan: Probability Theory: A Foundational Course

64. Sharad S. Sane: Combinatorial Techniques

65. Hermann Weyl: The Classical Groups: Their Invariants and Representations
(Reprint)

66. John Milnor: Morse Theory (Reprint)

67. R. Bhatia (ed.): Connected at Infinity II

68. Donald Passman: A Course in Ring Theory (Reprint)

69. Amiya Mukherjee: Atiyah-Singer Index Theorem: An Introduction

70. Fumio Hiai and Dénes Petz: Introduction to Matrix Analysis and
Applications



	Cover
	Texts and Readings in Mathematics, Volume 71
	Operators on Hilbert Space
	© Springer Science+Business Media Singapore 2016
	© Hindustan Book Agency 2015
	ISSN 2366-8725 (electronic)
	ISBN 978-981-10-1816-9 (eBook)
	DOI 10.1007/978-981-10-1816-9

	Preface
	Acknowledgements
	Contents
	About the Author
	Chapter 1 Hilbert space
	1.1 Introduction
	1.2 Inner Product spaces
	1.3 Hilbert spaces : examples
	1.4 Orthonormal bases
	1.5 Adjoints
	1.6 Approximate eigenvalues
	1.7 Important classes of operators
	1.7.1 Projections
	1.7.2 Isometric versus Unitary


	Chapter 2 The Spectral Theorem
	2.1 C*-algebras
	2.2 Cyclic representations and measures
	2.3 Spectral Theorem for self-adjoint operators
	2.4 The spectral subspace for an interval
	2.5 Finitely many commuting self-adjoint operators
	2.6 The Spectral Theorem for a normal operator
	2.7 Several commuting normal operators
	2.7.1 The Fuglede Theorem
	2.7.2 Functional calculus for several commuting
normal operators

	2.8 Typical uses of the spectral theorem

	Chapter 3 Beyond normal operators
	3.1 Polar decomposition
	3.2 Compact operators
	3.3 von Neumann-Schatten ideals
	3.3.1 Hilbert-Schmidt operators
	3.3.2 Trace-class operators
	3.3.3 Duality results

	3.4 Fredholm operators

	Appendix
	Some measure theory
	Some pedagogical subtleties

	Bibliography
	Index
	Texts and Readings in Mathematics



