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Definition 1.1. A topological vector space is a Hausdorff topological space X which
is also a vector space such that the maps

a) x,y +— x — y is continuous from X x X to X and
b) «a,z — ax is continuous from {scalars} x X to X.

Exercise 1.1. Prove that if X is a topological space and a vector space such that
a) and b) hold and such that for every x # 0 3 a neighborhood U of 0 such that

x ¢ U then X is a Hausdorff space (and is therefore a topological vector space).
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2 LEONARD GROSS

Exercise 1.2. Consider R? with the following topology: A set V C R? is open iff
for each point (a,b) € V there is an ¢ > 0 such that {(z,b) : |z —a| <e} C V.
(1) Prove that R? is a Hausdorff space in this topology.
(2) Determine whether or not R? is a topological vector space in this topology
(with the usual vector space operations).

Example 1.2. Any normed linear space is a topological vector space in the metric
topology determined by the norm:

d(z,y) = llz = yl|.

Definition 1.3. A semi-norm N on a vector space X is a function N : X — R
such that

(1) Positivity: N(z)>0Vz e X.
(2) Positive homogeneity: N(az) = |a|N(x)

(3) Subadditivity: N(z+y) < N(z)+ N(y)
(Recall that a norm is a semi-norm such that N(z) =
semi-norm on X and a € X and p > 0, then

Sn(a,p):={x € X :N(z—a) < p}

is called the open N ball of radius p centered at a.

0=2=0)IfNisa

Example 1.4. Let L be any linear functional on X. Then N(z) = |L(z)| is a
semi-norm.

Definition 1.5. A collection A/ of semi-norms on a vector space X is called sepa-
rating if N(z) =0 VN € N implies that x =0 .

If AV is a family of semi-norms on X, a set S of the form

(1.1) S = Sn,(a,p1) N Sn,(a,p2) N...N SN, (a, pr),

where a € X, N1, Na,..., N € N and py, po, ... pxr € (0,00), is called an open N —
ball centered at a.

Definition 1.6. Given a family A of semi-norms on a vector space X, let XV
denote X equipped with the topology having the open A/ — balls as a basis. (You
should check that the A/ balls form a basis for a topology.) Explicitly, a set V. C X
is open iff for all @ € X there exists an open N ball S centered at a such that
S C V. (It is easy to verify that XN is Hausdorff iff A is separating and that X*
is a topological vector space when N is separating.)

Examples 1.7. Some examples of topological vector spaces.

(1) S(R) = C™ complex valued functions f on R such that z"f*)(z) € L?
Vn > 0and k> 0. Let || fllnx = 2" f®|z2. HN ={| - lnx} then SV is
called the Schwartz space of rapidly decreasing functions. N is separating
because || f|lo,0 = 0 implies that f = 0.

(2) If'Y is a set of linear functionals on X which separates points of X then the
Y topology of X is the topology determined by the semi-norms Ny, (z) =
|L(z)|, L € Y. Notation: o(X,Y).

(3) Special Case. X = C([0,1]), Y = point evaluations, i.e., Y = all finite linear
combinations of L, t € [0,1] where L:(f) = f(¢). Note that a sequence
fn € X converges to f € X in this topology iff f,(t) — f(t) for each
te0,1].
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Remark 1.8. The Hahn—Banach theorem may be stated thus. If N is a semi—norm
on a linear space X and V is a subspace of X and f is a linear functional on V'
such that |f(x)] < aN(z), x € V then 3 a linear functional g on X such that
lg(z)| < aN(z) Ve € X and f(z) =g(x), z € V.

Remark 1.9. If  is a separating family of semi-norms on X then the space (X*V)*
of continuous linear functionals on X* separates points of X. For if zo # 0 let
f(axp) = @ on span({zo}). There exist N € N such that N(zg) # 0. Then

N(axp)
[Flamo)| = Ja] = TS
and hence there exists a linear functional g on X such that
N(z)
N (zo)

Vo € X.

g(xo) = 1 and g(z) <

Clearly g € (XV)*.
Exercise 1.3. A function f : R — C is said to be of polynomial growth if
[f(@)] < C(1+[x*)

for some constant C', some integer k and for all . A Borel measure ;1 on R is said
to be of polynomial growth if

/(1 + |z|*) " tdu(z) < oo
R

for some integer k. For example Lebesgue measure is of polynomial growth.

(1) Suppose that f : R — C is a Borel measurable function of polynomial
growth and p is a measure of polynomial growth. For ¢ in S(R) [see
Example 1.7 above] write

(1.2) (e = [ " (@) (@)du(a).

Show that the integral in equation (1.2) exists and defines a continuous
linear functional (which we denote by fu) on S(R).
(2) Show that the operator
d .
dx
is everywhere defined and continuous.

(3) If p is Lebesgue measure we will write fdx instead of fu. By virtue of b)
the operator (—-L) has an adjoint D : §’(R) — S'(R) where S'(R) denotes
the dual space of S(R) (i.e., the space of continuous linear functionals on
S(R)). Suppose that g is a continuously differentiable function of poly-
nomial growth whose derivative ¢’ also has polynomial growth. Describe
explicitly the linear functional D(gdz) by writing it in the form (1.2) for
some wise choice of f and p and compute it in case g(z) = 2% + 3u.

(4) Suppose

S(R) — S(R)

(&) = {1 220

L= X)) = 0 if z <o.

Describe D(gdx) explicitly by writing it in the form (1.2) for some wise
choice of f and p.
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(5) Since D is an everywhere defined linear operator on S’'(R) so is D™ for
n=1,2,3,.... In part d) above D?(gdr) is therefore an element of S’'(R).
Determine whether it can be written in the form (1.2). Prove your claim.

Definition 1.10. Let X be a linear space. A set A C X is called convez if for any
z,y€ A, ar+ (1 — a)y € A whenever 0 < a < 1.

Definition 1.11. A topological linear space X is locally convex if X has a neigh-
borhood base at 0 consisting of convex sets, i.e., for any open neighborhood U of 0
3 a convex open neighborhood V' of 0 such that V' C U.

Theorem 1.12. Let X be a topological linear space. Let N be the family of con-
tinuous semi-norms on X. Then XV = X if and only if X is locally conve.

The proof of this theorem will be given after the proof of Lemma 1.17. Before
starting into the proof we state a corollary.

Corollary 1.13. If X is a locally convex topological linear space then the topological
dual space X* separates points of X.

Proof. It follows from Theorem 1.12 and Remark 1.9. m
The proof of Theorem 1.12 depends on the following lemmas.

Definition 1.14. Let S C X be a set. Then
(1) S is called symmetric if x € S implies that ax € S whenever |a| = 1.
(2) S is absorbing if for every x € X, Ja > 0 such that = € aS.
(3) S is linearly open if for every zg # 0, {a: axzg € S} is open.
Remarks 1.15. Let S C X then

(1) if S is absorbing then 0 € S.
(2) If S is nonempty, convex and symmetric then 0 € S.
(3) The intersection of convex sets is convex.

Lemma 1.16. Let X be a linear space. A set S C X is convex, symmetric,
absorbing and linearly open iff 3 a semi—norm N 3 S ={z € X : N(z) < 1}.

Proof. (<) Let S = {x : N(x) < 1}. S is convex since N(az + (1 — a)y) <
aN(z)+ (1 —a)N(y) <lifz,y € S. S is clearly symmetric.

S is absorbing: N(x) = 0 implies that z € S. If N(z) # 0 let « = 2N (z). Then
r/aeS.

S is linearly open: {«a : azxg € S} = {a: N(azg) < 1} = {a : |a|N(zg) < 1}
which is open.

(=) Assume S is a symmetric, absorbing, convex, linearly open set. Define
N(z) = inf{la : @ > 0,z € aS}. Then N(0) = 0 since 0 € S (because S is
absorbing). If 5 # 0 then

N(Bz) =inf{a:a > 0,0z € aS} :inf{a ca>0,z€ %S}
@
|61
=inf{|Bly:v >0,z € vS} = |B|N(z).

This shows positive homogeneity. We must show subadditivity. Given z,y € X.

Take a > N(x), 8 > N(y) > Fu,v € S with x = au, y = fv. Then
T4y o p

= + es
a+pf a—l—ﬁu a+ﬁv

:inf{a:a>0,x€ S} by symmetry of S
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rxty€(at+p)sS
N(z+y) < a+ g for all such o and
N(z +y) <inf(a+ f) = N(z) + 8 V such 3

S N(z+y) <N(z)+inf 8= N(z)+ N(y)
.. N is a seminorm.
Now suppose N(z) < 1. Ja <13z € aS, ie., z/a € S. Then z = o(l/a)z+ (1 —
a)0 € S. Conversely if z € S then a='z € S for some o < 1 because S is linearly
open. So N(z) < 1.
S8 ={z:N(x) <1}
]

Lemma 1.17. A topological vector space is locally convex iff the convexr symmetric
neighborhoods of zero form a base at 0.

Proof. < trivial
= Let V be a convex neighborhood of 0. Let V; = ﬂ pV. Then V; C V

lpl=1
and 0 € V4. Vi is an intersection of convex sets so is convex. If |5| = 1 then
AR ﬂ BpV = ﬂ vV = Vj. Therefore V; is symmetric.

Ip|=1 lv|=1

We show next that the interior of V; is not empty. Since (o, z) — ax is continu-
ousand 0-0=0¢€ V Jan a > 0 and a neighborhood V5 of 0 5 aVo C V whenever
\04| < a. Put V3 = (a/2)Va. Then'if p| =1, pV3 = B2V, C V. - Va CpV if |p| = 1.

. V3 C V5. So Vi has a non—empty interior W and 0 € W C V

Claim: W is convex and symmetric.

Convexity: Let z,y € W and let o, 8 > 0, with a+3 = 1. Since V; is convex and
W C Vi we may conclude that az+ By € V;. Since W is open x has a neighborhood
U C W and we may similarly conclude that the open set aU + (y is contained in
V1, and hence in its interior, W. In particular ax + Sy € W. So W is convex.

Symmetry: If z € W and |3]| = 1 then Sz € W C V) = V;. Since W is open
fx € intVy. m

We are now ready for the proof of Theorem 1.12. The proof given here will follow
Rudin 1.33-1.39, p. 24-28] [1975].

Proof. (Proof of Theorem 1.12.) Assume X = X, If V is a neighborhood of
0 then by definition there exists Ny,..., Ny € N and P; >0, j = 1,2,...,k such
that V O {z : N;(z) < P;, 7 = 1,2,...,k}. This is an intersection of convex sets
by Lemma 1.16 and is therefore a convex neighborhood of 0. Thus X is locally
convex. Conversely, suppose X is locally convex. Clearly X D XV ie., XV is a
weaker topology than the original X topology. Suppose V is an open neighborhood
of 0. By Lemma 1.17 3 a convex symmetric neighborhood W of 0 5 W C V. W
is absorbing, for if z € X then 0-2 =0€ W. . 3a > 03 az € W for |a| < a.
Take a@ = a/2. W is linearly open since {« : azg € W} is the inverse image of
an open set W under the continuous map a — axy. Hence by Lemma 1.16 there
exists a semi-norm N on X > W = {N(z) < 1}. N is continuous at 0 since
{N(x) < €} = eW which is open. .". N is continuous .. X > X. m

Remark 1.18. If V is a neighborhood of zero in a locally convex space then 3 a
continuous semi-norm N with {z : N(z) < 1} € V, for we know X = X* where
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N is the family of continuous semi—norms

.. 3Nj, pj such that ﬂ{x tNj(z) <p;j}CV
j=1

.. Take N = ij*le
j=1
Definition 1.19. Let X be a normed linear space and X* its dual space (all
continuous linear functionals on X).
(1) The weak topology on X is the X* topology of X, i.e., o(X, X*).
(2) The weak* topology on X* is the X topology of X*, i.e., o(X*, X) where X
is the image of X in X** .[Recall topology of product spaces and Tychonoff’s
Theorem. |

Theorem 1.20 (Banach—Alaoglu Theorem). Let X be a normed linear space. Then
the unit ball of X* is weak™ compact.

Proof. Let A = {scalar valued functions £ on X : [£(z)| < ||z||Vx}. For z € X
let B, = {X: |\ < ||z||}. B, is compact. Therefore A = H B, is compact. A
reX
basic neighborhood of a point & is
{5 : |§(13]) - 50(1:])‘ < ev.j = 17 B ,Tl}

The projection map & — £(x) from A to {scalars} is continuous for each = in
this (product) topology. Now the unit ball of X* C A. The induced topology is
the weak* topology on X*. It remains to show the unit ball is closed in A.

Let z,y € X, «a, 3 scalars

E(ax + By) — aé(x) — BE(y) is a continuous function of £ on A.
S A E(ax + By) — ab(x) — BE(y) = 0} is closed in A.

Hence

() {€:&(az + By) — ag(x) — BE(y) = 0} is closed in A,

z,y,0,8
But this is the unit ball. =

Exercise 1.4. Let X be a separable Banach space. Show that the weak™ topology
on the closed unit ball B of X* is metrizable. Hint: let {1, x2,...} be a sequence

of unit vectors in X which is dense in {x € X : ||z| = 1}. Consider
d(&m) =Y 27" |(€ —n)(za)l.
n=1

Note: The Banach—Alaoglu theorem together with Exercise 1.4 shows that B is
sequentially compact when X is separable.

Definition 1.21. Let X be a topological vector space.
(1) Aset K C X is called compez if it is compact and convex.
(2) A segment is a set of the form {az + 08y : a+ 8 =1, 0 < a < 1} for
some x,y € X. . For & # y, the interior of a segment is {ax + By : a, f >
0a+p=1}
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(3) If K is compex F C K is a face of K if F' is compex and every segment in
K having a point of I in its interior is contained in F, i.e., ax + By € F for
some «, § with 0 < a, 8 < 1 and a 4+ 8 = 1 implies that ax + By € F Va,
Bsuchthat 0 < a,0<land a+(=1.

Remarks 1.22. The following properties are easily checked:
(1) N faces = face
(2) A face of a face is a face.
(3) If A: H — H is continuous and linear and K is compex then A(K) compex
(4) If F is a face of K = A(K) then F = K N A~(F) is a face of K.
(5) U FG K =A(K) then F= KNA Y (F) # K

Definition 1.23. An extreme point of a convex set K is a point = such that {z}
is a face. (A topology is not necessary for this definition.) Algebraic definition:
x is an extreme point if it is not contained in the interior of any segment of K.
(These definitions are equivalent.)

Notation 1.24. Let K be a compex set, then let K be the compex hull of extreme
points of K, i.e.

K= N{compex sets containing all extreme points of K}.

Definition 1.25. F is an extreme face of K if it is a face of K such that the faces
of it (F) are precisely () and F.

Lemma 1.26. Let X be a topological vector space such that X* separates points of
X (e.g. X locally convex). Then a non—empty extreme face is an extreme point.

Proof. View X as a vector space over R, and let £ be a continuous real linear
functional on X. Let F' be an extreme face of K. £(F’) is a compact convex subset
of the reals .. £(F) = [a, 0]

{a} is a face of (F).

. FnéHal is a non-empty face of F
SFneHay=F
Hence {(F) = {a} by item 5 of Remark 1.22

But if F' has two distinct points, then 3 a real linear functional which separates
them. Therefore, F' has only one point. ®

Lemma 1.27. Let X be a real or complex locally convex topological vector space
and K comper C X. If xg ¢ K then 3 a continuous linear functional & 3 (o) ¢

o(K).

Proof. With out loss of generality we may take zog = 0. Let S be a convex
symmetric (absorbing, linearly open) neighborhood of 0 > SN K = (. 3 a semi—
norm N such that S = {z : N(z) < 1}. For each ¢ S define &, on the span of by
&x(ax) = aN(z). Now [€,.(ax)| = |a|N(z) = N(azx). Extend &, linearly to X such
that for all y € X, |€,(y)| < N(y). If € > 0 and y € €S then | (y)] < N(y) < e.
Hence, each ¢, is continuous. {y : & (y)| > 3}sck is an open cover of K since

" 1
&x(x) = N(z) > 1. There exists z1,...,z, such that K C U{y e, (y)] > 5}
j=1
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Define A : X — R"™ or C” for real or complex X, respectively, by
Az = (5301 (CL‘), &as (:C), coes&an (l‘))

Then A is continuous and linear. B

Put K = A(K). 0 ¢ K since if (a1,...,a,) € K then 3j such that |a;| =
€2, ()] > % We write the rest of the proof in case X is complex, but the proof is
the same in case X is real. We need only construct a linear functional n : C* — C
such that 0 ¢ 7(K) and then put & = 7o A. For then 0 ¢ &(K).

Construction of 7. Let || - || be the usual Hilbert norm on C". There exists
r € K such that ||r|| = inf ||y||. Write r = (aq,...,an). Let n(y1,...,yn) =
yeK
Y101 + - + Yn@,. Suppose s € K and 7n(s) = 0, i.e., (s,r) = 0. Put a = ||r]],
=||s]|. Then
b? a? ~
= a2+b2r+a2+b286K'
But
2 2 2b 2 b2 2
9 a a a
el = ( 2+b2> +(a2+b2) +2Rea2+b2a2+b2<r’s>
a2b? !
— _ 2 2
“err Y T are

which contradicts the fact that r is the smallest vector in K. Hence n(s) # 0 if
secK. n

Remark 1.28. £, may be chosen real even if X is complex because if X is a locally
convex vector space over C, then it is a locally convex vector space over R in the
same topology.

Theorem 1.29. (Krein—Milman Theorem) Let X be a locally convex topological
vector space. If K is compex, then K= K, where K is defined in Notation 1.24.

Proof. Clearly K c K. For any real linear continuous functional, &, on X,
¢(K) C £(K). Let a be an endpoint of £(K). K N&1{a} is a face of K. Let
T = {non-empty faces of KN¢~1{a}}. Order T by reverse inclusion. (7T is partially
ordered.) The intersection of a simply ordered collection (chain) in T is non—empty
because of the finite intersection property of compact sets. By Zorn’s Lemma, 3
an extreme face in K N ¢~ 1{a}. This is an extreme point by Lemma 1.26 . (K N
¢ Hal) N K # 0. Hence a € £(K) . endpoints of ¢(K) € £(K) so &(K) C ¢(K).
Hence £(K) =¢ (I/(\' ) V real linear functional {. Theorem 1.29 follows from Lemma
1.27. m

Application 1. Let H be a Banach space and S be the unit sphere in H*. In the
w* topology on H*, S is compex. Hence S=38. Therefore, if a Banach space is
the dual of a normed linear space, its unit sphere must satisfy the condition S=3.
For example we may use this to prove that Real C[0,1] is not a dual space under
| lloo of any Banach space.

Proof. Suppose that f € Real C(]0,1]) and is an extreme point of the unit ball.
Let g(s) = f(s) — |f(s)| + 1 and h(s) = £(s) + | ()] — 1. Then [jgllc < 1 and
[[hlloo < 1 since ||flleo < 1, as we see by considering for each s the cases f(s) > 0
and f(s) < 0. But f =(1/2)g+ (1/2)h. Hence since f is an extreme point we must
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have g = h. That is, |f(s)] = 1 for all s. Hence f =1 or f = —1. These are the
only extreme points of the closed unit ball .S. Hence S # 5. So S is not compact
in any locally convex topology on Real C([0,1]). Therefore Real C([0,1]) is not a
dual space of any Banach space. m

Exercise 1.5. Prove that the closed unit ball of real L!(0, 1) has no extreme points
and therefore L'(0,1) is not a dual space.

Definition 1.30. Two norms || - ||; and || - |2 are equivalent if 3 constants m > 0,
M > 0 such that
mllzlly < [lzlls < Mfjzll, V2eX

Exercise 1.6. Show that any two norms on a finite dimensional linear space are
equivalent. [Hint: Show that any norm is equivalent to an Euclidean norm.]

Proposition 1.31. A finite dimensional subspace F' of a normed linear space X
is closed in X.

Proof. By Exercise 1.6 the norm on F is equivalent to any Euclidean norm on
F and therefore F' is complete in its own norm. Suppose then that {z,}52, is a
sequence in F' that converges to a point « in X. Then {z,,} is a Cauchy sequence in
F which therefore converges by completeness of F' to a point y in F. By uniqueness
of limits x = y. So x is in F and F is closed in X. m

Fact 1. If a finite dimensional vector space is a topological vector space in two
topologies T1, Ts, then T1 = Ts.

Lemma 1.32. Let H be a normed linear space and Hy a closed proper subspace.
For any € > 0, there exists xg € H such that ||zo]| = 1 and ||z — x| > 1 —¢
whenever x € Hy.

Proof. Can assume ¢ < 1. Take any zy ¢ Hy. Let d = inhf[ lx — 2o]|. For
rxcHg

any 0 > 0, there exists z € Hy, such that ||z — 2| < d+ J. Take § = %. Let
xo = (2 — 20)/||z — 20|, where z is determined for this d. Then ||zo| = 1, and if
x € Hy,

Iz = 2oz =2+ 20l o d _ d

> > =1-—ce¢.
|z — zol| lz— 20l — d+0

[ — 2ol =
]
Proposition 1.33. A locally compact Banach space is finite dimensional.

Proof. We prove that an infinite dimensional Banach space is not locally com-
pact. We construct a sequence 1, ;. .., Ty, ... such that ||z,|| =1, |z; — z;| >
1/2, ¢ # j. Take x; to be any unit vector. Suppose vectors z1,...,x, are con-
structed. Let Hy = linear manifold spanned by 1,...,z,. By Proposition 1.31,
Hy is closed. By Lemma 1.32, 3 z,41 3 ||a; — 2p41]| > 1/2, i =1,...,n. Now the
sequence just constructed has no Cauchy subsequence. Hence the closed unit ball
is not compact. Similarly the closed ball of radius r > 0 is also not compact. m
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2. BANACH ALGEBRAS

Definition 2.1. An associative algebra A over a field F' is a vector space over F'
with a bilinear, associative multiplication: i.e.,

(ab)c = a(be)
a(b+c) =ab+ ac
(a+b)e=ac+be

a(Ae) = (Aa)e = A(ac)

Definition 2.2. A Banach Algebra is a real or complex Banach space which is an
associative algebra such that

[labl| < llal| o]l
Examples 2.3. (1) X = topological space, C'(X) = bounded, complex valued,
continuous functions on X, with || f|| = sup |f(z)|. C(X) is a commutative

zEX

Banach algebra under pointwise multiplication. The constant function 1 is
an identity element.

(2) V = Banach space, B(V) = all bounded operators V. — V. B(V) is a
Banach algebra in operator norm with identity. B(V') is not commutative
if dimV > 1.

(3) A = LY(R') Multiplication = convolution. A is a commutative Banach
algebra without identity.

Proposition 2.4. Let A be a (complex) Banach algebra without identity. Let
B={(a,a):a€ A, aeC}=AaC.

Define

(a,a)(b, B) = (ab+ ab+ fBa, af)
and

I(a, )| = llall +|ad.

Then B is a Banach algebra with identity e = (0,1), and the map a — (a,0) is an
isometric isomorphism onto a closed two sided ideal in B.

Proof. Straightforward. m

Definition 2.5. Let A be a Banach algebra with identity 1. If a € A, then a is
right invertible if 3b € A > ab = 1. b is called a right inverse. (Similarly for left
inverse.) a is called invertible if it has a left and a right inverse.

Note: If ab =1 and ca = 1 then ¢ = cab = b. Therefore if a has left and right
inverses they are equal, unique, and called the inverse of a.

Proposition 2.6. A Banach algebra with 1. If ||a|]| < 1, then 1 — a is invertible

and [[(1 —a)~ 1” < 1= Ha\l

oo
Proof. Let b = Z a”. Since ||a™| < ||a]|™, the series converges (A is complete).
n=0

Clearly, (1 —a)b=b(1 —a) =1. Also [|b| <> [|a]|" =
n=0

1
1—lal
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Corollary 2.7. If A is a Banach algebra with 1, the invertible elements form an
open set.

Proof. Let U be the set of invertible elements. Let a € U. Suppose ||z — a| <
Ja=' 7. Then: fla~'z—1] = la} (v —a)|| < |- lz—al < 1. . 1—(1—a~'2)
is invertible, i.e., a~'x has an inverse b. .. (ba ')z =1 and a~lab=1. . 2b = q,
rha™l =1. m

Exercise 2.1. Prove that the map x — ! from the set ¢/ of invertible elements
in A (= Banach algebra with 1) is continuous.

Henceforth all Banach algebras A are complex and have an identity. U = invert-
ible elements.
Convention: We write A instead of Al.

Definition 2.8. Let x € A. The spectrum of x is
o(z) ={x € C:z — X is not invertible}.
The resolvent set of x is
p(x) = {A € C:z — X\ is invertible}.
The spectral radius of x = r(x)
r(z) = sup{|A|: A € o(x)}.
(Note: We will show later that o(z) # (.)
Proposition 2.9. For all a € A, o(a) is compact and r(a) < ||a].

Proof. Since A € C — a — X € A is continuous and p(a) = {X : a — A € U},
p(a) is open and hence o(a) = p(a)® is closed. If || > ||a||, then [[A~'a|| < 1 and

A la-1cU
L a—AEUsince A #0
. A € p(a) whenever |A| > |al|

. r(a) < |la]| and o(a) is compact.
[

Definition 2.10. The resolvent of a is the function R(\) = (a — A\)~! defined for
A € p(a).

Definition 2.11. A function ¢ from an open set V' C C to a complex Banach
space is weakly analytic on V if £ o ¢ is analytic on V for every & € A*.

Theorem 2.12. Let A be a complex Banach algebra with 1 and let a € A. Then
R(A\) = (a — N7 is weakly analytic on p(a) and |[R(\)|| — 0 as A — oc.

Proof. Let A\ € p(a). Now
a—A=(a—X)(1—(a—X) (A= o))
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So a — A is invertible if ||(a — X\g)71(XA — A\g)|| < 1 and then:

o0

(@=XN""= (a=X) (A= Xg)"(a— X))

n=0

L E@=NTH =Y Ea=20) T A = Ag)"
n=0

. £(R()N)) is analytic.
Finally, (a =)~ = DA~ = DI = A7 (3"l — )™ and [(\'a — 1)} <
T — Las A — oo L [RA[ —0as A — oo m
Corollary 2.13. o(z) #0 (A= complex Banach algebra with 1)

Proof. Suppose o(x) is empty. Then for any ¢ € A*, A\ — &((z — A)~1) is an
entire function and — 0 as A — oco. Then, by Liouville,
e =N"1=0
Therefore (x — A\)~! = 0 V. This is impossible. m
Theorem 2.14. (Spectral Mapping Theorem) If p is a polynomial then p(o(a)) =
o(p(a)).

Proof. Let \g € o(a). We will show that p(a) — p(Ao) ¢ U. Let g be such that
P(A) —p(Ao) = (A = Ao)g(A).

Suppose there exists b so that b(p(a) — p(Ao)) = (p(a) — p(Xo))b = 1. Then

bg(a)(a = Ao) = (@ = Ao)g(a)b = 1.
Thus a — Ag is invertible. Contradiction. Thus p(c(a)) C o(p(a)).

Suppose Ao € o(p(a)). Let A1, ..., A, be the roots of p(A) = Ag. Thus p(A)—Xo =
a(d=A1)-- (A= A,). But pla) — Ag = ala — A1) --(a — \y) is not invertible.
Hence at least one of the factors, say a — \; is not invertible. Thus A; € o(a). Thus
Ao =p(};) € plo(a)). =
Corollary 2.15. r(a™) = r(a)".

Proof. Since o(a) is compact 3 X € o(a) so that |A| = r(a). Hence A" € o(a™)
so r(a™) > |A"| = r(a)™.

Conversely, I\ € o(a™) so that r(a™) = |A\¢|. By Theorem 2.14, 3\ € o(a) such
that A™ = Ag. Thus r(a)” > |A|" = [Ao| = r(a™). =
Corollary 2.16. r(a) = lim [la™|'/™.

Proof. For A sufficiently small:

(1=Xa)~ Za")\" and &((1 — Aa)™ Z§

n=0
By Theorem 2.12, £((1 — Aa)™') is analytic for + ¢ o(a). Hence Z{(a

converges when ﬁ > r(a), i.e., when || < 1/r(a).
Thus {|A"| |£(a™)] : n=0,1,2,...} is a bounded set for each £ € A*.
By the uniform boundedness principle {A\"a™} is a bounded set: So

A" < K (K > 0).
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Hence |A||[a™]|*/" < KY™ and |\|limsup ||a”|'/" < 1. Thus limsup ||a™ /™
1/|A] whenever r(a) < ﬁ Hence limsup [[a"||'/" < r(a). But r(a)”
r(a™) < |ja"| or 7(a) < ||a”||"/™. Therefore r(a) < liminf|[a"||*/". Consequently
lim [|a™||*/™ exists and 7(a) = lim ||a™||*/". =

I IA

Theorem 2.17. (Gelfand-Mazur) The only complex Banach algebra with unit
which is a division algebra is C.

Proof. Let z € A and A € o(x). Then x — Al is not invertible. Thus z —A1 =0
so x = Al. Hence A = (scalar multiples of 1). m
Henceforth B denotes a commutative Banach algebra with identity.

Definition 2.18. (1) N (maximal ideals) = radical.
(2) B is called semisimple if radical = {0}.
(3) A character of B is a nonzero multiplicative linear functional on B, i.e.,
a(ab) = a(a)a(b). (We do not assume « is bounded.)
(4) The spectrum of B is the set B of all characters of 5.

Remarks 2.19. (1) If {0} is the only proper ideal in B then B is a field.

(2) If I is a maximal ideal in B then B/I is a field.

(3) Let a € B. a is invertible if and only if a belongs to no maximal ideal. [If a
is not invertible then the proper ideal Ba is contained in a maximal ideal.]

(4) U (maximal ideals) = S = (singular elements).

(5) fa e B then a(l)=1.

(6) If I is a proper ideal in B then I is a proper ideal. Here I denotes the
closure of I. Proof. I is a subspace and if be B, a € I and a,, € I, a,, — a
then ba = limba, € I. Hence I is an ideal. Now, I C S and S is closed.
Thus I C S so I is proper.

(7) If I is a maximal ideal then I = T.

(8) The radical of B is closed.

=

Exercise 2.2. Let B be a Banach space and K a closed subspace.
On the quotient space B/K define ||z + K| = inf{||y|| : v € * + K}.
Prove this is a norm on B/K and that B/K is a Banach space in this norm.
(2) Suppose further that B is a Banach algebra with identity and K is a closed
proper two sided ideal in B. Show that B/K is a Banach algebra in the
norm described in part (1).

Exercise 2.3. Prove that if B is a Banach space and £ is a linear functional on B
then £ is continuous if and only if ker £ is closed.

Lemma 2.20. Any character is continuous.

Proof. If « is a character of B then I := {a : a(a) = 0} = ker(«) is an ideal
which is proper since (1) = 1. For any a € B we have:

a= (a — a(a)l) +a(a)l € I o Cl.

This shows that I has codimension 1 (i.e., dim(B/I) = 1)!. So I is maximal and
thus I is closed. Hence « is continuous by Exercise 2.3. m

L Alternatively, @ descends to an algebra isomorphism of B/I — C showing that dim (B/I) = 1.
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Lemma 2.21. There is a one to one correspondence between characters and mazx-
imal ideals given by o — ker a.

Proof. By the proof of Lemma 2.20 we see that ker « is a maximal ideal. Now if
I is any maximal ideal then it is closed by item (7) of Remark 2.19. Hence not only
is B/I a field by item (2) of Remark 2.19 but also B/I is a complex Banach algebra
by Exercise 2.2, part (2). Hence by Theorem 2.17, B/I is isomorphic to C (under
the map u — ulg/;y w € C). If 3: B — B/I = C is the natural homomorphism
then ( is a character. Clearly I = ker 3. So any maximal ideal is the kernel of some
character. Finally, if ker o« = ker 8 = I then since I has codimension 1 (see Lemma
2.20) and 1 is not in I we may write any element as a = ¢+ ul with ¢ in I and u
in C. Then a(a) = u = f(a). So ker a uniquely determines . m

Notation 2.22. Terminology: B is sometimes called the maximal ideal space of B.
Proposition 2.23. If o € B then ||a|| < 1.

Proof. We must prove that |a(a)] < |la|| or, equivalently, if |ja] < 1 then
la(a)| < 1. Now ||a]| < 1 implies that ||a™|| < 1. So {a"} is a bounded set. Suppose
|a(a)| > 1. Since |a(a™)| = |a(a)|™, « sends a bounded set onto an unbounded set.
Thus o is not bounded. This contradicts Lemma 2.20. m

Corollary 2.24. B C unit ball of B*.
Corollary 2.25. B is a w*—closed subset of the unit ball in B*.

Proof. {¢ € B* : £(ab) = £(a)€(b)}, (a,b fixed) is closed in the w*~topology
since both sides of the equation are w*—continuous functions of £&. Thus ﬂ {¢€ €
a,b
B* : £(ab) = £(a)€(b)} is w*—closed. Also {€ € B* : (1) = 1} is w*—closed. Thus B
is w* closed. m

Corollary 2.26. Bisa compact Hausdorff space in the w* topology.

Remark 2.27. If B is a commutative Banach algebra without identity and we define
a character as a continuous nonzero homomorphism « : B — C. Then the preceding
arguments shows that BcC (unit ball of B*) but may not be closed because 0 is a
limit point of B. In this case B is locally compact.

Definition 2.28. Let a € B, o € B. Define @() = a(a). Then @ is a continuous
function on B. The map a — @ is called the canonical mapping of B into C(B).

Theorem 2.29 (Gelfand). The canonical mapping is a homomorphism of norm

< 1 from B into C(B) with kernel = (radical of B). [Here, B is commutative,
complez, with unit.]

Proof. aAb(oz) = afab) = a(a)a(b) = E(a)g(oz). Thus"is a homomorphism. Thus
Vo € B we have:
[a(a)| = |a(a)] < la] so [[afle < [all
Thus the norm of the canonical mapping is < 1. Now if @ = 0 then a(a) = 0 Va.
Hence a € kernel of every o. Therefore a € every maximal ideal. So a € radical
of B. Conversely, to see that radical C kernel note that each of the last four steps
is reversible. m
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Remarks 2.30 (Continuation of Remark 2.19). a
(1) 1(e) =a(l) =1VaeB
(12) A € o(a) & A € range of @, i.e., o(a) = R(a).
Proof:

a inv. < a is not in any maximal ideal
< a(a) # 0 for each «
A €o(a) & a— Al € some maximal ideal & Ja > a(a — A1) =0

ie., a(a) — Al(a) =0, ie., a(a) = \.
(13) The spectral mapping theorem follows from (12). For

o(P(a)) = R(P(a)) = R(P(a)) = P(R(a@)) = P(o(a)).
(14) r(a) = [l < |la] from (12).
. r(a+b) <r(a)+r(b) and r(ab) < r(a)r(d).

(15)The following are equivalent:

a € radical, a=0, |allco=0, 7r(a)=0.

(16) ||alloc = lla]| < [la®|] = [la]? Ya € B.

Proof: Recall ||a]|s = ||la]| & r(a) = ||a]|.

< ||a?|| = ||a||® implies that [|a*"|| = ||a||*" which implies that|a| = |ja>"||*/*"

which implies that |la| = lim ||a2n ||1/2" = r(a)
=:r(a) = [la]| V a = [®| = r(a®) = r(a)® = ||a|>.

Remark 2.31. It B does not have a unit then a similar theory can be developed in
which B is locally compact.

2.1. x—Algebras (over complexes).

Definition 2.32. An involution on a Banach algebra B is a map B — B, a — a*
which is:
(1) involutory a™ =a
(2) additive (a+b)* =a* +b*
(3) conjugate homogeneous  (Aa)* = Aa*
(4) anti-automorphic  (ab)* = b*a*

Notice that we automatically have 1* = 1 because applying * to the equation
1-1%"=1% gives 1" - 1* =1*". Thus 1-1*=1. So 1* = 1.

Definition 2.33. An element a is Hermitian if a = a™*, strongly positive if a = b*b
for some b, positive if o(a) C [0,00) and real if o(a) C R is real.

Definition 2.34. An involution * in a Banach algebra B with unit is symmetric if
1+ a*a is invertible for all a € B.

Proposition 2.35. Let B be a symmetric Banach algebra, then (1) if a is Hermitian
then a is real and (2) if a is strongly positive then a is positive.
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Proof. (1) Suppose a is hermitian (¢* = a) and A = a+ i € C with 5 # 0. We
must show a — A is invertible. Since

a—)\:(a—a)—ﬁi:ﬁ(

we must show that ¢ = a* implies a — i is invertible. But
(a—i)(a+9)(1+a*a)" ' =1 and (1+a*a) Ha+i)(a—i)=1

which shows a — ¢ is invertible.
(2) Suppose that a is strongly positive, a = b*b. Then a* = b*b = a showing that

a is hermitian and hence by (1) that o(a) C R. Let o < 0, then

b*b b b

— 1= —a((ﬁ)*(ﬁ

which is invertible showing o(a) C [0,00). =

b*b—a:—a( )+1)

Proposition 2.36. Let B be a commutative x algebra with unit. The following are
equivalent:

(1) B is symmetric
(2) Hermitian implies real

)
(3) @*(a) =a(a)
(4) maz. ideal implies * ideal. That is, every mazximal ideal is closed under .
Proof. 1) = 2) This is Proposition 2.35.
2) = 3)Leta € B,b=a+a* and ¢ = i(a — a*). Then b and ¢ are hermitian

and hence o(b) C R and o(c) C R. Therefore by Remark 2.30, if « is a character
then «(b) and «(c) are real numbers. Hence

(2.1) ala) + ala*) = ala) + a(a®)

and

~i(a(@) - a(@) = i(a(a) - a(a)),

or equivalently
(2.2) ala) - a(@) = —a(a) + a(a®).

Adding Eqgs. (2.1) and (2.2) shows, a(a) = a(a*).
3) = 4) Let 7 be a maximal ideal. Let oo = char. with kernel Z.

If a € T then a(a) = 0 so that a(a*) = a(a) = 0. Hence a* € T.

4) = 1) Let a € B. We first prove that if o is a character then a(a*) = a(a).
Let b = a — a(a). Then a(b) = a(a) — ala) = 0. . b € kernel a ", b* € kernel «,
ie, a(d*) = a(a*) — a(a) =0. a(a*) = ala).

Now a(a*a) = ala *) (a) = a(a)a(a) = |a(a)|? for any character a .-, a(1 +
a*a) =1+ |afa)|? #0. . 1+ a*a ¢ any maximal ideal. .. 1 + a*a is invertible. m

Remark 2.37 (Stone—Weierstrass theorem). Recall if T is a compact Hausdorff space
and B is a norm closed® subalgebra, C C(T) such that given &, &, t1 # to
Jx € B3 x(t1) = &1, x(t2) = &, then B = C(T). (* = conjugation)

Theorem 2.38. If B is commutative, symmetric (with unit), the image of B under
the canonical map is dense in C(B).
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Proof. Let oy # as € B. Let &1, & be complex. aj(a) # asg(a) for some
a € B. There exist A\, u 3 dag(a) + p = &1, daz(a) + 1 = &. Let b= Aa+ p. Then
B(al) =&, 3(0(2) = &;. Therefore Theorem 2.38 follows from the Stone—Weierstrass
theorem, since image of B is closed under conjugation by Proposition 2.36. m

Definition 2.39. A Banach * algebra B is

(1) * multiplicative if ||a*a|| = ||a*]| ||al|
(2) = isometric if ||a*|| = ||al|
(3) * quadratic if ||a*al| = ||a|/?

Remark 2.40. Conditions 1) and 2) in Definition 2.39 are equivalent to condition
3), i.e. * is multiplicative & isometric iff * is quadratic.

Proof. = clear.

< [lal* = lla*all < [la”|| [|a]
- la]l € |le*||. This also holds for a*
el = fla™l-
So
la*all = llal* = fla*] all.
[

Definition 2.41. A B* algebra is a quadratic * algebra. [Nowadays, (2002), this
is called a C* algebra.]

Theorem 2.42. If B is a commutative B* algebra with identity, then the canonical

map is an isometric isomorphism onto C(B).

Lemma 2.43. If B is a commutative x—multiplicative Banach algebra with identity
then

lla|| = r(a) Va € B.
Proof. If b is Hermitian, then ||b%| = ||b||?, ||6*"|| = ||b]|>". Hence r(b) = ||b]|.
Let a be arbitrary. Since a*a is Hermitian we have
r(a*a) = [[a*al| = [la*|| [la]
la*|| llall = r(a*a) < r(a*)r(a) by Remark 2.30
So
la*[| llall < fla™{|r(a).
Hence
lall <7 (a).
Since r(a) < ||la|| by Remark 2.30 we have ||a|| = r(a). ®
Lemma 2.44. A commutative B* algebra with identity is symmetric and semi-

simple.

Proof. We will show that if a* = a then o(a) real. As in Proposition 2.35 it
suffices to prove a — i is invertible, i.e., 1 +4a is invertible, i.e., 1 ¢ o(—ia). This is
equivalent to A + 1 ¢ o(A —ia) for some real A. But if A +1 € o(A — ia), then

A+ 1D? < A —idal® = [(A +ia)(A = da) || = [\ + a?|| < X* + [|a?].
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Hence 2\ + 1 < |[@?||. But, this inequality fails for A large enough. The semi-
simplicity follows from Lemma 2.43 and Remark (15). =

Proof. (Proof of Theorem 2.42.) By Lemma 2.44 and Theorem 2.38 the image
of B is dense in C'(B) under the canonical map. By Lemma 2.43, the image is

complete, hence closed, hence equal to C(B) and the canonical map is therefore an

isometric isomorphism onto C(B). =

Corollary 2.45. A commutative B* algebra with identity is isometrically isomor-
phic to the algebra of complex valued continuous functions on a compact Hausdorff
space.

2.2. Exercises. In each of the following two problems a commutative * algebra A
with identity is given. In each case
(1) Find the spectrum of A.
(2) Determine whether A is semi-simple or symmetric or a B* algebra, or
several of these.
(3) Determine whether the Gelfand map is one to one, or onto or both or
neither or has dense range.

a b

Exercise 2.4. A = all 2 x 2 complex matrices of the form A = ( 0 a ) Define

A* E . Define || A| to be the operator norm where C? is given the norm

- a
RN
@ = Clel® -+ [dI*)*/2.

Exercise 2.5. A = (1(Z) where Z is the set of all integers. For f and g in A define
(fo)@) = > flz—n)g(n)

n=—oo

and f*(x) = f(—=x). Show first that A is a commutative * Banach algebra with
identity. You may cite any results from Rudin’s “Real and Complex Analysis”.

Exercise 2.6. Let X be a compact Hausdorff space. Show that C'(X) in sup norm
and pointwise multiplication is a B* algebra with respect to the x operation given
by f*(x) = f(x). For each x € X let

ax(f) = f(x), [feC(X).

Prove that the map z — «, is a homeomorphism of X onto the spectrum of C(X).

Exercise 2.7. Using the previous problem show that if X and Y are compact
Hausdorff spaces and ¢ : C(X) — C(Y) is an algebraic, * preserving, isomorphism
of these algebras then there exists a unique homeomorphism 7 : Y — X which
induces ¢. Le., such that

(‘Pf)(y) = f(Ty)’ yey, fe C(X)

Exercise 2.8. If A is an n—dimensional commutative B* algebra with identity
show that the spectrum of A consists of exactly n points (n < 00).
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3. THE SPECTRAL THEOREM

Let A be a bounded operator on a complex Hilbert space H. If y is in H, the
map  — (Az,y) is a continuous linear functional on H. Hence, by the Riesz
representation theorem, there exists a unique element z in H such that (Az,y) =
(z,2) for all x in H. Define A* by A*y = 2. Thus A* is defined for all y in H and
satisfies

(3.1) (Az,y) = (x,A"y) x,y € H.
If «, B are scalars then for all
(z, A"(ayr + By2)) = (Az, oy + By2) by (3.1)
= a(Az,y1) + B(Az, y2)
= (z,aA"y; + fA*y2) Dby (3.1) again.

Therefore A* is linear.
Put z = A*y in (3.1) to get

[A"y||* = (AA™y,y) < |A]l | A™yIl [yl

Therefore
1Ayl < [lAll [lyl]-

Hence A* is bounded with ||A*|| < ||A||. Now A* is uniquely determined by equation
(3.1) and taking the complex conjugate of (3.1), we see A** = A. Hence || 4| <
||A*||. Thus we have the following properties.

Properties 3.1. (1) A* is linear and bounded and || A*|| = ||A]]

(2) A=A

(3) (0A+ BB)* = aA* + 3B* (exercise).

(4) a) [ AB] < /4] | B
b) (AB)* = B*A*

(5) [A*A|l = |JA|]*. Proof: A*A|l < [|A*] [|A]l = [A]*. Also [|Az|* =
(A*Az,x) < ||[A*A]| ||z||?>. Therefore ||A]|*> < ||A*Al.

Terminology: A* is called the adjoint of A.

(6) Recall: The set B(X) of all bounded operators on X is a Banach algebra

in operator norm whenever X is a Banach space.

Definition 3.2. A C* algebra on a Hilbert space is a subalgebra A of B(H) which
is closed in norm and such that A € A = A* € A. A subalgebra closed under
taking adjoints is called a * subalgebra of B(H).

Example 3.3. B(H) is a C* algebra.

Definition 3.4. A mazimal abelian self-adjoint (m.a.s.a.) algebra on H is a com-
mutative algebra A C B(H) which is not contained in any larger commutative
subalgebra and such that A is a * subalgebra.

Notation 3.5. If S C B(H) then S’ = {A € B(H),AB = BAVB € S}. S is
clearly a subalgebra of B(H) for any set S. S’ is called the commutor algebra of S.
Proposition 3.6. Let H be a Hilbert space.

(1) A subalgebra A C B(H) is a mazimal abelian algebra iff A" = A.
(2) A m.a.s.a. algebra A is a C* algebra.
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Proof.

(1) Suppose A is m.a. Suppose B € A’. Then the set of all operators of the
form Ay + A1B + A3B? +--- + A, B™. A; € Ais a commutative algebra
containing A. Therefore it is A -. Be A .. A C A Clearly A C A
since A is commutative. Therefore A’ = A.

Conversely, if A’ = A then since any larger commutative algebra C
containing A is contained in A’, it follows that C' = A. Therefore A is m.a.

(2) If A, € A and A, — A in norm then for any B € A, AB — BA =

lim(A, B — BA,,) = 0. Therefore A € A’ = A.
]

Example 3.7. Let (X, u) be a measure space. Let f € L*(u). Define My :
L%*(u) — L?(p) by Myg = fg. Then clearly, since fg € L? when g is in L?, My is
everywhere defined and

35915 = [ 179 au < 12 ol
Therefore | My|| < || flloc. Note Myg = MMy, Mosypg = oMy +BMg, M = M.

Assumption 1. Assume that every measurable set in X of positive measure con-
tains a subset of finite strictly positive measure. (We say p has no infinite atoms.)

Lemma 3.8. Under Assumption 1, ||M|| = || flsc-

Proof. Can assume || f||cc > 0. Suppose 0 < a < ||f|lco- Then p({z : |f(x)| >
a}) > 0. Therefore there exists a measurable set S of finite positive measure
> @] > aon 5. Then [Myxsl} = [1f@)PxEdu > o [ x3du = a?[xsl3.
Therefore || M| > a. Hence | Ms|| > || fllco- ®

Definition 3.9. Let (X, u) be a measure space. The multiplication algebra (de-
noted by M(X, 1)) of (X, p) is the algebra of operators on L?(X, i) consisting of
all My, f e L>™.

Proposition 3.10. If (X,u) is a o—finite measure space, then M(X,pu) is a
m.a.s.a. algebra.

Proof. Assume first p(X) < oo. Write M = M(X, ) and assume T € M.
Let g = T(1). If f € L™ then TM;1 = M;T1. Therefore T(f) = fg. Thus
Tf = M,f for fin L*. The proof in the preceding example shows ||g|l.c < ||T|.
Since M, is bounded the equation T' | L>® = M, | L*°, already established, extends
by continuity to L?. Hence T € M and M is maximal abelian. Since M, g = Mg,
M is self-adjoint.

In the general case, write X = U2, X;, where the X are disjoint subsets of finite
measure. If T is in M’ it commutes with My x, and therefore leaves invariant the
subspace L?(X;) which we identify with {f € L*(X) : f = 0 off X;}. Apply the
finite measure case and piece together the result to get the general case. m

Definition 3.11. Let D(w,e) = {z € C: |z —w| < e}, then if f € L>®(X, ) the
essential range of f is

{weC:u(f~H(D(w,e))) >0 for all € > 0}.

Exercise 3.1. Prove that the spectrum of My = essential range of f when X has
no infinite atoms.
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Definition 3.12. If A is a subalgebra of B(H) a vector x in H is called a cyclic
vector for A if Az ={Ax: A€ A} is dense in H.

Remark 3.13. Let A be any * subalgebra of B(H). Suppose K is a closed subspace
of H and P is the projection on K. Then K is invariant under A iff P € A’.

Proof. (<) If Pe A, x € K then Az = APx = PAz € K.

(=) If AK C K then APx € K. .. APx = PAPx. Also, A* ¢ A. So
A*P = PA*P. Therefore PA = P*A = (A*P)* = (PA*P)* = PAP = AP. Hence
PcA. =m

Lemma 3.14. If H is separable and A is a m.a.s.a. on H then A has a cyclic
vector.

Proof. For any z € H, let Az be the closed subspace containing Az. Since
Ic A,z e Ax. Since Az is invariant under A, so is Axz. Note that if y | Ax then
Ay L Az since (Ay, Bx) = (y, A*Bx) = 0. Let E = {z,} be an orthonormal set
such that Az, L Axg if o # (. Such sets exist (e.g. singletons). Zorn’s lemma
gives us a maximal such set. For this F, H = closed span_ {Ax,} for otherwise we
could adjoin to E any unit vector in (span{.Az,})*. Now, since H is separable, E is
countable; E = {z1,z2,...} put 2 = > -, 27 "x,,. Claim: zis a cyclic vector for A.
The projection P, onto Ax,, is in A’ by the above remark. Therefore P, € A = A’.

Az D APz = A27"x, = Az, Y
. Az D closed span, { Az, } = H.

Definition 3.15. A wunitary operator U from Hilbert space H to Hilbert space
K is a linear operator from H onto K such that ||[Uz| = ||z|| Vo € H. We may
emphasize that U : H — K is surjective by writing U : H — K.

Theorem 3.16. Let A be a m.a.s.a. on separable Hilbert space H. Then there
erists finite measure space (X, ) and a unitary operator U : H —» L*(X, ) such
that UAU ™Y = M(X, p).

Proof. Let z be a unit cyclic vector for A. Then z is also a separating vector
for A (i.e., if A € Aand Az = 0 then A = 0) since if Az = 0 then V B € A,
ABz = BAz = 0. Therefore AAz = 0. But Az is dense. .. A = 0. We have seen
that A is a B* algebra. Let X = spectrum(.A). Then the Gelfand map A — A is
an isometric isomorphism A — C(X).

Define A on C'(X) by

A(A) = (Az, 2)
A is clearly a bounded linear functional on C/(X). Indeed, |[A(A)| < ||A| = ||A]|. A
is positive since -
A(AA) = (A*Az, z) = ||Az|* >0
Therefore there exists a unique regular Borel measure p on X such that

121\ /Adu
p(X) is finite because u(X) = [ 1du = A(1) = ||z||> = 1. Define Uy on Az by
UpAz = A.
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Uy is well defined since Az = 0 = A = 0. Up is thus linear and densely defined.
Moreover

|UoAz||2 = /Eﬁdu = A(A"A) = (Az, Az) = || Az||2.
Hence Uy is isometric from Az into L?(X, u1). Since Up is continuous it extends by
continuity to an operator U : H — L?(X, u) such that
Uz = ||« VeeH

Since range(U) is a complete (therefore closed) subspace of L?(x) which contains
C(X) it is all of L?(u).
Now, if A, B € A then

UAU'B=UABz = AB = M;B
Therefore
(3.2) UAU™' = M3

on a dense set and thus, on all of L?(u).
Let N = UAU! and let M be the multiplication algebra of (X, u). Clearly

N C M by (3.2).
If T € M then T € N, therefore U='TU € A". But A’ = A
UM TU € A
~TeN
SM=N.
[

Definition 3.17. A bounded operator A: H — H is
(1) normal if A*A = AA*
(2) Hermitian if A = A*
(3) wnitary if A is onto and ||Az| = ||z|| Ve € H
(4) orthogonal if H is real and A is unitary.

Proposition 3.18. Let H be a Hilbert space. Suppose A : H — H is linear and
(Az,z) =0 Vz € H then

(a) if H is complex then A =0
(b) if H is real and A* = A then A= 0.

Proof. Polarization identity:
(A(x +y),z+y) — (Alz —y), (x —y)) = 2(Az,y) + 2(Ay, 2)
Therefore
(3.3) (Az,y) + (Ay,z) =0 Vaz,y
If H is real and A* = A then
(Ay,z) = (y, Az) = (Az,y).

Therefore (Azx,y) =0 Va,y. ... Az =0, V.
If H is complex, replace x by iz in (3.3) to get

i(Az,y) —i(Ay,z) =0
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Divide by ¢ and add to (3.3) to get:
(Az,y) =0 Vz,y .. Axz=0 V.
]
Corollary 3.19. An operator U : H — H is unitary iff U is bounded and
(3.4) U'v=0U"=1

Proof. Assume U is bounded and that (3.4) holds. Then ||Ux|* = (U*Ux,z) =
|z||%. Since U(U*x) = x, U is onto. Therefore U is unitary.
Assume U is unitary. Then

(U*U = Da, ) = |Uz|]* = |z[|* =0

Therefore U*U — I = 0. Since U is onto, (Vz € H)(Jy € H)(z = Uy). Therefore
UU*x=UUUy=Uy=z. - UU*=1I =

Proposition 3.20. Let (X, u) be a o—finite measure space. Let f € L. Then
(1) My is normal
(2) (My is Hermitian) < (f is real a.e.)
(3) (My is unitary) < (|f| =1 a.e.)

Proof. (1) M}Mf = M?Mf = M?f = ny; Therefore My normal.
(2) (M} = My) = (My = My) = (f = T ae)

Theorem 3.21 (Spectral Theorem). Let {As}acr be a family of bounded nor-

mal operators on a complex separable Hilbert space. Assume that the family is a
commuting set in the sense that:

AaAﬁ = AﬁAa VO&, 6

and
AQA; = AZ;AQ Va, 8

Then there exists a finite measure space (X, ) and a unitary operator U : H —
L?(X,u) and for each « there exists a function f, € L such that

UVAOCU_1 = My, .

Proof. Let Ay be the algebra generated by the {A,, A% }acr. Then Ag is
a commutative x algebra. Order the set of all commutative self-adjoint algebras
containing Ay by inclusion. By Zorn’s lemma there exists a largest such algebra,
A. We assert that A = A’. Indeed if B € A’ then B* € A’ also because A is
self-adjoint. Hence C' := B + B* € A’. But the algebra generated by A and C is
commutative and self-adjoint. Therefore C' € A. Similarly i(B — B*) € A. Hence
B e A. So A’ = A. Therefore A is maximal abelian and self-adjoint.

Now by the preceding theorem there exists (X, 1) with u(X) = 1 and a unitary
U: H — L*(X) such that UAU" = M(X, u). Therefore UAU™' = My, for
some f, € L. m
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3.1. Problems on the Spectral Theorem (Multiplication Operator Form).

Exercise 3.2. If A is a Hermitian operator on an n—dimensional unitary space
(n < o0) V prove that there is an orthonormal basis of V' which diagonalizes
A by applying the theorem that a m.a.s.a. algebra is unitarily equivalent to a
multiplication algebra.

Exercise 3.3. Let H be a Hilbert space with O. N. basis e1,e2,... . Let 6; be a
sequence of real numbers in (0,7/2). Let

xj = (cosbj)es; + (sinb;)es; 1 j=1,2,...
and
y; = —(cosBj)es; + (sinb;)esj—1 j=1,2....
Let
M, = closedspan {z;};2; and
My = closedspan {y;}72,

(1) Show that the closed span of M; and Ms (i.e., the closure of My + Ms) is
all of H.
(2) Show that if ; = 1/j then the vector

o0
_ —1
z = J Te2j-1
j=1

is not in My + My, so that M7 + My # H.
Exercise 3.4. Let

H = (*(Z) = {all square summable 2—sided complex sequences a with ||a||? = Z la;|}.
Define U : H — L?(—m,7) by

(Ua)(0 Z ane’

n——oo

It is well known that U is unitary. For f in ¢!(Z) define

(Cra)n Z f(n—k)

k=—o0

Show that Cy is a bounded operator on H.
Find C} explicitly and show that Cy is normal for any f in (2).

(1)
(2)
(3) Show that UC;U~" is a multiplication operator.
(4) Find the spectrum of Cy, where

(1 if il =1
1) = { 0 otherwise

Exercise 3.5. Define f on [0,1] by
2 if x is rational
)=

x if x is irrational
Find the spectrum of M; as an operator on L?(0,1).
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Exercise 3.6. Find a bounded Hermitian operator A with both of the following
properties:

(1) A has no eigenvectors
(2) o(A) is set of Lebesgue measure zero in R.

Hint 1: Such an operator is said to have singular continuous spectrum.
Hint 2: Consider the Cantor set. See Rudin, 3rd Edition, Section 7.16.

3.2. Integration with respect to a Projection Valued Measure. We now
study a second form of the spectral theorem.

Definition 3.22. A sequence A,, of bounded operators on a Banach space B con-
verges strongly to a bounded operator A if A,z — Ax for each x € B. A,, converges
weakly if (Apz,y) — (Az,y) Vo € B, y € B*. If B is a Hilbert space weak conver-
gence is equivalently defined as (A,x,y) — (Ax,y) Va,y € H.

Definition 3.23. If P and @ are two projections in H, then P is called orthogonal
to Q if R(P) L R(Q).

Proposition 3.24. A bounded operator P with range M 1is the orthogonal projec-
tion onto M iff P2 = P and P* = P.

Proof. We already know that the orthogonal projection onto a closed subspace
M has these properties. Suppose then that P? = P and P* = P and M = range
P. If z € M then x = Py for some y. Hence: Px = P’y =Py=x. So P| M =1
on M. M is closed, for if x,, € M and z,, — x then Px = lim Px,, = limz,, = .
Hence z € M. It remains to show that N'(P) = M*.

If 2 € M and Py = 0 then (z,y) = (Pz,y) = (x, Py) = 0. Therefore N' C M.
If y € M+ then Vo € H, (Px,y) = 0. Therefore (z, Py) = 0 Vo € H. Therefore
Py=0.SoycN. n

Note: Henceforth projection means “orthogonal projection”.

Corollary 3.25. If Py, P> are two projections with ranges My, Mo, respectively,
then

a)MlLM2:>P1P2:P2P1:O

b)P1P2:O:>M1J_M2

¢) In case of a) or b) P1 + Py is the projection onto span {Mi, Ms}.

Proof. a) Assume M; 1 M,. For any x € H, Pix € My C M3 = N(Py).
Therefore P, Pyx = 0, etc.

b) Assume Py Py = 0. If x € My, y € M then (z,y) = (Piz, Poy) = (z, PLPyy) =
0. Therefore M; L M.

C) Assume P1P2 = 0. Then (P1+P2)2 :P12+P1P2+P2P1+P22 :P1+P2.
Clearly (P + P»)* = P + P». Therefore P = P, + P is the projection onto
some closed subspace M. If x € M, y € My then P(x + y) = Pix + Pox +
Piy+ Poy = Pix + Poy = © +y. Therefore M O My + M,. If z € M, then
z2=Pz=Piz+Poze M+ M. m

Proposition 3.26. If P, is a sequence of mutually orthogonal projections, then
strong im, oo  p_, Py exists and is the projection onto the closure of span

Proof. Let Q, = )_, P.
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Now @, is the projection on My + - -- + M,, where M; = R(P;) by Corollary
3.25 and induction. Therefore ||Q,z|? < ||z|]? Vz, i.e.,

el 2 | Y2 P = (X B Yo Pr) = 3 1P
k=1 k=1 j=1 k=1

Hence the series Y ;- | | Pyx||* converges and is < ||z||?. But if n > m,

n

H(Qn_Qm)xH2: Z ||P/€x||2

k=m+1

Therefore |[(Q,, — Qm)x|| — 0 as n,m — oo. Hence Q,x converges as n — oo.
Call the limit Qz. @ is clearly a bounded linear operator and ||Q|| < 1. Moreover

(Qz,y) = Im(Qnz,y) = lim(z, Q,y) = (x,Qy). Therefore Q* = Q. Note that
Qan = Qm if n 2 m.

(QQx,y) = lgln(QQO; y) = hnr%n liTILTl(Qanx,y) = lgln(Qm%y) = (Q:c,y) Vm,y.

L QP =Q.
Thus @ is the projection on some closed subspace M. If © € My, then Q,x = x
for n 2 k. Therefore Qz = .

S My M . M Dspan{M,} = N.

Ifz L N,thenz L M;Vj. Therefore @,z = 0Vn. Therefore Qz =0. ... = L M,
ie, NtrCcMt, . NODM. m

Definition 3.27. Let X be a set and let S be a o—field in X. A projection valued
measure on S is a function E(-) from S to projections on a Hilbert space H such
that

(1) E@)=0

(2) BE(X)=1

(3) E(ANB) = E(A)E(B) where A,B€ S

(4) If Ay, Ao, ... is a disjoint sequence in S then

B(U32,An) = > E(Ay,)(strong sum)
n=1

Remarks 3.28. (1) and (3) in Definition 3.27 imply that if AN B = @) then E(A)
and E(B) are mutually orthogonal. Hence the strong sum in (4) of Definition 3.27
converges to a projection by Proposition 3.26.

Example 3.29. Let (Y, 1) be a measure space. Let f be a complex valued measur-
able function on Y. For any Borel set A C C, define E(A) = My, on L2(Y, ).
It is straightforward to verify that E(-) is a projection valued measure on the Borel

sets.

Let (X,8) be a measurable space and E(-) a projection valued measure on S
with values in B(H).
Note: If z,y € H, then B — (E(B)z,y) is a complex measure on S.
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Definition 3.30. If f = Z;;l a;jx B, is a simple complex valued measurable func-

tion on X, let
/ fdE =" a;E(B
j=1

Properties 3.31. Properties of [: If f is simple, then

) [ fdE is well defined because the corresponding bilinear form ([ fdExz,y) =
J fd(Ez,y) is well defined.

2) || [ fdE| < supyex [f(s)]-
(3) [af +BgdE =« [ fdE + 3 [ gdE.
(4) If g is also simple then

[ toae = ( [ sag)( [ giz).

) [fdE = ([ fdE)*
Proof. 2) Write f = Z%XB where B; N B; = 0 if i # j. Then

H /de = HZGJ'E(Bj)mH :Z(aiE(Bi)x,ajE(Bj)x)

¥

>_ it (B(B)) E(Bi)w, x) = 3 |a;*(B(B;)x, 2)
< (max|a, ) Y (B(By)a, @) = (sup /() (B(UB; )z, )

7 seX
< sup | f(s)]*[l«]*
3) The bilinear forms of both sides are the integrals with respect to a complex
measure.

4) I g =377 bjxc, and f = 37" a;xp,, then by taking a common refinement
of the {B;} and {C;}, we may assume that B; = C; and B;NB; = () if i # j. Then

/fng =Y a4t EB) = (Yo EB)) (S biB(B).
]

Definition 3.32. If f is a bounded measurable function, let f,, be a sequence of
simple measurable functions converging to f uniformly. Then by (2) of Property
3.31

H /fndE — /fdeH — 0 as n,m — oo.
Define [ fdE = liminf [ f,dE (in operator norm).

Properties (1)—(4)of Property 3.31 hold for a bounded measurable f — the proofs
are straightforward.

Remark 3.33. If H, K are Hilbert spaces and A : H — K is bounded linear then
A* : K — H can be defined by (Az,y) = (z,A*y),z € H,y € K justasif K = H.
Usual properties hold:
(AB)" = B*A*
A = A, etc.
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Definition 3.34. A projection valued measure E(-) on the Borel sets in C is
supported in a closed set K if E(K¢) = 0. The support set of E is the complement
of {V | E(V) =0, V open}.

Note: If E has compact support, define

/ZdE:/ zdFE.
C K

Example 3.35. Resume notation from Example 3.29. Assume f is bounded. Then
E(-) has compact support and
/ zdE = Mf.
C

Exercise 3.7. Prove the assertions in Example 3.35. Verify first that E(-) is indeed
a projection valued measure.

(This is clearly well defined.)

Theorem 3.36 (Spectral Theorem). Let A be a bounded normal operator on a
separable Hilbert space H. There exists a unique projection valued Borel measure
E on C with compact support such that

A:/sz.
C

Furthermore if D is any bounded operator on H then D commutes with A and
A* iff D commutes with E(B) for all Borel sets B.

Proof. Ezistence: By the form of the spectral theorem given on page 24, there
exists a measure space (X, 1) and a unitary operator U : H — L?(X, u1) such that

UAU ' = Mf
where f is a bounded measurable function on X. If B is a measurable set in X, let

G(B) =M

T Xy
In view of Examples 3.29 and 3.35, we see that G(-) is a projection valued
measure with compact support in C and

/ZdG: Mf.
C

Let E(B) = U'G(B)U = U*G(B)U. Then one sees easily that E(-) is also a
projection valued measure on C with compact support. If A is a simple function on
C (say h =) ajxp,) then

/h(z)dE(z) =Y 4E(B) = U—l(zajG(Bj))U —y-! /h(z)dG(z)U.
Taking uniform limits, we see that
(3.5) /h(z)dE(z) = Ufl/h(z)dG(z)U.

holds for all bounded measurable h. In particular, since F has compact support,
we may take h(z) = z and obtain

/sz(z) =U"'M;U = A.
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Uniqueness: Suppose that F'(-) is another projection valued Borel measure on C
with compact support, such that A = [ 2dF(z). We wish to show E = F. Let K
be a compact set in C containing the supports of E and F'. By (1)— (5) of Property
3.31, we have

(3.6) p(A, A") = /p(z,?)dE(z)

for any polynomial p(-) in the commuting operators A and A*. (Note that
(J fdE)* = [ fdE must be used here.) Since these polynomials are dense in C'(K)
in sup norm (by Stone-Weierstrass theorem) it follows that

(3.7) /fa:ydE /fxde

for any f in C'(K) because (3.6) implies its validity for polynomials. Now let u and
v be in H. Then

(3.8) /de(E(z)um) :/de(F 2)u,v

for all f € C(K). Hence the two complex measures B — (E(B)u,v) and B —
(F(B)u,v) are equal since the dual space of C'(K) is the space of complex measures
on K. Thus for any Borel set B, ((E(B) — F(B))u,v) = 0 Yu,v € H. Thus
E(B) = F(B), proving uniqueness.

For the final assertion of the theorem, suppose that DE(B) = E(B)D V Borel
sets B. Then D commutes with all operators of the form Ya;E(B;) and with their
uniform limits. In particular, D commutes with A = [ 2dE and A* = [zdE.

Conversely, suppose that D commutes with both A and A*. Then D commutes
with all polynomials p(A, A*), and hence with their uniform limits. Thus if support
E = K then D commutes with [, fdE for any f in C(K). If u and v are in H,

then
((/deE)Du,v) - ((/deE)u,D*v).
/Kf(z)d( 2)Du,v) /f (2)u, D*v).

Hence, just as in the uniqueness proof, it follows that for any Borel set B,

(E(B)Du,v) = (E(B)u, D*v) for all u,v € H.

That is,

That is
((E(B)D — DE(B))u,v) =0 for all u,v € H
and therefore F(B)D = DE(B). =m

Definition 3.37. The projection valued measure E(-) appearing in the preceding
theorem is called the spectral resolution of A.

Corollary 3.38. If A is a bounded normal operator on H with spectral resolution
E(-) then support E = o(A).

Proof. From the construction of E, we see that the support of F is the essential
range of f. But essential range of f = o(My) = o(A) since unitary equivalences
preserve spectrum. m
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Corollary 3.39. A point A € C is an eigenvalue for A iff X is an atom for E.
Moreover if A is an eigenvalue for A then RE({\}) is the corresponding eigenspace.

Proof. Assume F({\}) # 0. Let x € RE({\}), ¢ # 0. Then E(F)x = 0 if
A ¢ F, and so

(A= N)z]|* = (A= XN)*"(A = Nz, )
(3.9) :/C\z—)\| d(E()z, z) :/{A}Z—M d(E()z, ) = 0

Hence z is an eigenvector for A with eigenvalue A. Conversely, if there exists x # 0
such that Az = Az then (3.9) shows that

/ |z = A\Pd(E(-)z,z) = 0.
C

This implies that (E(F)z,z) =0 if A ¢ F. But (E(C)z,z) = ||z||*> # 0, and hence
(E({\}z,z) = ||z||*>. Therefore E({\}) #0 and E({\})z =z. m

Lemma 3.40. For any bounded operator A, o(A*) = o(A); further, if A is invert-
ible, then o(A™Y) = o(A)~1.

The proof follows easily from the definitions of o(A), A* and A~

Proposition 3.41. a) If A is Hermitian then o(A) is real.
b) If U is unitary then o(U) C {2z : |2| = 1}.

Proof. (a) We have already proved this for a % quadratic normed * algebra.
But it also follows immediately from Lemma 3.40.
(b) [Ul=1and so o(U) C{z:]2|<1}. If0< |z| <1 and z € o(U) then

zlteoU ) =0U*) C{z:|2| <1},
a contradiction. Finally, it is clear that o ¢ o(U). m

Corollary 3.42 (Spectral theorem for a bounded Hermitian operator). If A is
a bounded Hermitian operator on a separable Hilbert space H, then there exists a
unique projection—valued Borel measure E(-) on the line with compact support such
that

A= / ME(N).
For all real Borel sets B, E(B) C {A}".
Proof. o(A) C (—o0,00) by the proposition. Apply Corollary 3.38. m

Corollary 3.43 (Spectral theorem for a unitary operator). If U is a unitary oper-
ator on a separable Hilbert space, then there exists a unique projection—valued Borel
measure E(-) on [0,27) such that

27
U= / e dE(9),
0
and E(B) C {U}" for all Borel sets B.

Proof. The same as for Corollary 3.42 if we map [0, 27) onto {z : |z| = 1} with
0—e? m
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Example 3.44. H = (2. If x = {a,}32, € (?, put
1 00
Ax = {fan} .
n n=1
Then A is a bounded multiplication operator by a real function, and is hence
Hermitian.
o(A)=1{1,1/2,1/3,...,0}.
Each point is an eigenvalue, except 0. The eigenvector corresponding to 1/n is
xn, = (0,0,...,1,0,...).

Definition 3.45. Let A be any bounded operator. The set o,(A) of all eigenvalues
of A is called the point spectrum of A. Let H, be the closed subspace of H spanned
by the eigenvectors of A. If H, = H then A is said to have pure point spectrum.

In Example 3.44 H, = H but 0,(A) # c(A) since 0 ¢ 0,(A).
Definition 3.46. If H, = {0} then A is said to have purely continuous spectrum.

Example 3.47. H = L%(0,1), A= M, . Then A has no eigenvalues, as we have
seen before. Hence 0,(A) = (). Thus A has purely continuous spectrum. Note that
a(A) =12,3].

Example 3.48. Let Q = rationals in [0,1] with the counting measure. Let A =
Mr_;'_g. Then

o(A) = ess. range of x + 2 = [2,3].
But every rational number in [2, 3] is an eigenvalue of A because the function

1 if r=r

f(x)Z{ 0 if z#7r 2ze€l0,1]

is an eigenfunction associated to the eigenvalue 2 + r if r is a rational in [0, 1].
Since these functions form an Orthonormal . basis of H we have H, = H. Thus A
has pure point spectrum in spite of the fact that o(A) = [2, 3], which is the same
spectrum as in Example 3.47.

Definition 3.49. 1) If A is a bounded Hermitian operator we write A > 0 if
(Az,z) > 0Vz € H.
2) If A and B are bounded Hermitian operators, we write A < B if B— A > 0.

Remark 3.50. The bounded Hermitian operators form a partially ordered set in
this ordering.

Exercise 3.8. Prove Remark 3.50.

Exercise 3.9 (Decomposition by spectral type). Let A be a bounded Hermitian
operator on a complex Hilbert space H. Suppose that A = ffooo ME(N) is its
spectral resolution. Denote by H,. the set of all vectors x in H such that the
measure B — ||E(B)x||? is absolutely continuous with respect to Lebesgue measure.

(1) Show that H,. is a closed subspace of H.

(2) Show that H, L Hg,.

(3) Define Hy. = (H,+ Hqae)*. (So we have the decomposition H = H,® H,.®
H,..) Show that if z € H,. and x # 0 then the measure B — (E(B)z, )
has no atoms and yet there exists a Borel set B of Lebesgue measure zero
such that E(B)x # 0.
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(4) Show that the decomposition of part c¢) reduces A. That is, AH; C H;, for
i = p, ac, or sc.

Exercise 3.10 (Behavior of the resolvent near an isolated eigenvalue). We saw
in the proof of Theorem 1.12 in Chapter 2 that if A is a bounded operator on a
complex Banach space and \g is not in o(A) then (A — \)~! has a power series
expansion: (A —X)"! =3 (X — Xg)"B, valid in some disk |A — X\o| < &, where
each B,, is a bounded operator.
(1) Suppose that A is the operator on the two dimensional Hilbert space C?
given by the two by two matrix

3 1
-(3 1)
As you (had better) know, o(A) = {3}. Show that the resolvent (A4 — \)~!
has a Laurent expansion near A = 3 with a pole of order two. That is

(A=N)"T"=A=3)Ba+(A=3)""BLi+ > (A= X)"By
n=0
which is valid in some punctured disk 0 < |A — 3| < a. Find B_5 and B_;
and show that neither operator is zero.
(2) Suppose now that A is a bounded Hermitian operator on a complex, sepa-
rable, Hilbert space H. Suppose that \g is an isolated eigenvalue of A, by
which we mean that, for some € > 0

d(A)N{NECT: A= Xo| <} = Aol

Prove that (A — A)~! has a pole of order one around )\, in the sense that,
for some 6 > 0,

(A=XN""=A=X)"Bor+ > (A= X0)"Bn, 0< [A=Xo| <3,

n=0
where the operators B;, j = —1,0,1,... are bounded operators on H.
Express B_ in terms of the spectral resolution of A.

3.3. The Functional Calculus. Let A be a bounded normal operator on a sepa-
rable complex Hilbert space H. Let

A:/«:ZdE(Z)

be its spectral resolution. For any bounded complex Borel measurable function f
defined on o(A), we define

f(A) = / L, (B

Definition 3.51. If f: 0(A) — C is a bounded Borel measurable function, then
the essential range of f with respect to the spectral resolution E(-) of A consists
of those A € C such that E(f~(B)) # 0 for all open sets B containing \.

Clearly the essential range of f is closed. Define F'(B) = E(f~!(B)) for all Borel
sets E in C. Clearly F(-) is another projection valued measure in C with support
equal to the essential range of f (because for any open set B, F'(B) = 0 iff BN ess.
range [ = ().
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Properties 3.52. (1) If g is another such function and « and [ are scalars,
then
a) (af + Bg)(A) = af(A) + Bg(4)
b) (f9)(A) = f(A)g(A).
Proof: These are properties 3 and 4 on page 27.
(2) If f(2) = 2", then f(A) = A™. Proof: b) above and induction.
(3) If f : 0(A) — C is a bounded Borel measurable function, and F(B) =
E(f~'(B)). then

(3.10) F(A) = /(C »dF(2).

Hence, F(+) is the spectral resolution of f(A).

Proof.: If h(2) = 377_, ajxp, issimple, then h(f(2)) = >°7_, a;xp-1(8,)(2)-
Hence

/ﬁummaz§j@Eﬁ*@m>
=/Mﬂ@ﬂﬂ@-

Since any bounded Borel function g on ess. range f is a uniform limit
of simple functions, we may take the norm limit of both sides of the above
equation to obtain

(3.11) /QQMF@%{/Mﬂ@MEw)

for any bounded measurable complex—valued function g on ess. range f.
In particular, putting g(z) = z yields Eq. (3.10).
(4) o(f(A)) = ess. range f if f : 0(A) — Cis a bounded complex—valued Borel
function.
Proof: o(f(A)) = supp F by (3.10) and Corollary 3.38. But supp F =
ess. range of f.
(5) If g : ess. range f — C is a bounded complex—valued Borel function, then
(g0 F)(A) = g((4)).
Proof:

(go f)(A) = /(g o f)(2)dE(z) by definition

= /g(z)dF(z) by (3.11)

Corollary 3.53. If A is a bounded Hermitian operator and A > 0 then

(a) o(4) C [0,00)

(b) the support of the spectral resolution of A is contained in [0, 00)

(¢) A has a unique positive square root C (that is, there is a unique positive
(and a fortiori Hermitian) operator C' such that C* = A).

Proof. a) and b) are equivalent by Corollary 3.38. We prove b). Suppose
E((—0,0)) # 0. Let = € range E((—00,0)). Then the Borel measure that takes B
to (E(B)z, x) is supported in (—o0, 0) in the sense that (E(B)x,z) = 0if B C [0, 00)
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and (E(B)(x),x) > 0 for some B C (—00,0). Hence
0

(Az,z) = /OC M(E(N)zx,z) = / A(E(N)z,z) <0,

contradicting A > 0.

To prove c), let f(A) = A2 for A\ > 0. Since o(4) C [0,00), C = f(A) is
well-defined. Since range f C [0,00), o(C) C [0,00). The spectral theorem implies
C > 0. Suppose D is another positive (hence Hermitian) square root of A. Let
g(A) = A2, Then (f o g)(\) = \. Hence

D= (fog)(D)= f(g9(D)) by (5) in Property 3.52
= f(4) by (2) in Property 3.52
=C.
]

Definition 3.54. A one parameter unitary group is a function U : R — unitary
operators on a Hilbert space H such that

U(t+s) =U(t)U(s) for all real t and s.

Exercise 3.11. Let A be a bounded Hermitian operator on a separable Hilbert
space H. Denote by E(-) its spectral resolution. Assume that A > 0 and write
P = E({0}) (which may or may not be the zero projection). Prove that for any
vector u in H

tAy = Pu.

lim e~
t—+4o0
Exercise 3.12. Let V be a unitary operator on a separable complex Hilbert space
H. Prove that there exists a one parameter group U(t) on H such that
(a) U(L) =V
(b) U(-) is continuous in the operator norm.
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4. UNBOUNDED OPERATORS
4.1. Closed, symmetric and self-adjoint operators.

Definition 4.1. If X and Y are Banach spaces and D is a subspace of X, then a
linear transformation T from D into Y is called a linear transformation (or operator)
from X to Y with domain D. If D is dense in X, T is said to be densely defined.

Notation 4.2. If S and T are operators from X to Y with domains Dg and Dr
and if Dg C Dy and Sz = Tx for © € Dg, then we say T is an extension of S and
write S C T.

We note that X x Y is a Banach space in the norm

Iz, 9l = VIl + Nyl

If X and Y are Hilbert spaces then X x Y is a Hilbert space in this norm with
inner product

(<CL‘, y>7 <£C/7 y/>) = (‘T7 CUI) + (y7 y/)'
Definition 4.3. If T is an operator from X to Y with domain D, the graph of T
is
Gr ={{z,Tz) : © € D}.
Note that Gt is a subspace of X x Y.
Definition 4.4. T is closed if G is closed in X x Y.

It is easy to see that T is closed iff
Ty — T
xn €D =zxcDandTz=y
Tx, —vy
Recall:
Theorem 4.5 (Closed Graph Theorem). If T : XB — YBan s closed and

everywhere defined and linear, then T is bounded. (See Rudin, Chapter 5, Problem
16. The solution to this problem depends on Theorem 5.10 of Rudin.)

Moral: Unbounded closed operators cannot be everywhere defined.

Exercise 4.1. Suppose that (X, u) is a measure space and that u(X) < oo. Let
T : L?(u) — L*(p) be a bounded operator. Suppose that range 7' is contained in
L5(u). Show that T is bounded as an operator from L?(u) into L?(uz). Hint: Use
the closed graph theorem.

Definition 4.6. Let H be a Hilbert space. Let T': H — H be linear and densely
defined with domain D. Define Dp- as follows: y € Dp- < the map ¢ — (T'z,y)
is continuous from D to C. For such y there exists a unique y* € H such that
(Tz,y) = (z,y*). We define T*y = y*. Thus

(Tz,y) = (2, T"y) Va € Dr, y € Dr~.

Properties 4.7. Dyp- is a linear subspace. T* is linear. (Same proof as for bounded
case.) Even though Dy is dense, Dy- need not be dense.

Exercise 4.2. Let H = L%*(0,1), D = C([0,1]). Let (Tf)(z) = f(0) = constant
function. Then T is densely defined. T': D — H. Prove that Dr- is not dense.
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Definition 4.8. If A and B are operators on H define A + B on Dy N Dp by
(A4 B)x = Az + Bx and AB on {x € Dg: Bx € Da} by (AB)x = A(Bx).

Properties of x:

(0) (cA)* =c¢A*ifc#0

(1) (A*+ B*) c (A+ B)* if A+ B is densely defined
(2) (AB)* D B*A* if AB is densely defined.

(3) ACB= B*C A*

Exercise 4.3. Prove that (1) and (2) are equalities if A is bounded and everywhere
defined.

Definition 4.9. We write H @ H instead of H x H. Define V: H®H — H® H
by V(z,y) = (y, —x). V is unitary.

Lemma 4.10. IfT : H — H is linear and densely defined then G+ = (VGr)*.

Proof. (Tz,y) = (z,y*) & (Tz,—x),{y,y*)) =0 & (V{z,Tx),(y,y*)) = 0.
Therefore (y,y*) € G- iff (V{(z,Tz), (y,y*)) =0V € Dr, ie., iff (y,y*) L VGr.
]

Corollary 4.11. T* is always closed when T is densely defined.

Theorem 4.12. IfT is densely defined in H and closed, then T* is densely defined
and T =T.

Proof. Suppose Dp« is not dense. Then 3z # 0 3 z L Dp«. Then (0,2) L
(T*y, —y) Yy € D=, i.e., (0,2) L VGr« = V(VGr)*, therefore V(0,2) L (VGr)*
since V2 = —1I, ie., V(0,2z) € VGr since Gr and therefore VG is closed. So
(0,z) € Gr, i.e., z = T(0) — contradiction. Therefore Dr~ is dense and T** exists.
Now for any unitary V and any closed subspace M we have VM* = (VM)
Hence G« = (VGr<)t = (V(VGr)t)t = V2Gr = Gr. Therefore T** =T. m

Exercise 4.4. Prove that if T is densely defined in H then T™ is densely defined
in H iff T has a closed linear extension. Show that in this case T** is the smallest
closed linear extension, i.e., it is contained in any other closed linear extension.
Moreover Gy« = Gr.

Definition 4.13. If T is a densely defined linear operator in H and if T has a
closed linear extension then the closure of T is the smallest closed linear extension.

In view of the preceding exercise, the closure of T, if it exists, is equal to T™* if
it exists — which it does if 7™ is densely defined.

Definition 4.14. A core for a closed operator T' is a subspace L C Dy such that
T is the closure of the restriction of T to L, i.e., T = (T | L) closure.

Definition 4.15. Let A be densely defined in H A is symmetric if A C A*. Ais
self-adjoint if A = A*.

Notes: 1) To say that A is symmetric simply means that (Az,y) = (x, Ay)
Vz,y € Da.

2) Since A* is always closed, a self-adjoint operator is always closed. A sym-
metric operator need not be closed. But since a symmetric operator always has
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a closed extension (namely A*) it always has a closure. However, as we shall see
later, a closed symmetric operator need not be self-adjoint.

3) It tends to be easy to show that an operator is symmetric but hard to show
that it is self-adjoint (even if it is self-adjoint). The spectral theorem applies to
self-adjoint operators but not to symmetric operators in general. We build now
some machinery that is useful in proving self-adjointness.

Definition 4.16. Let H,, be a sequence of Hilbert spaces. Define H = Y °  H,
to be the set of all sequences (z1,22,...) z; € H; Z;; |lz;]|? < oo. For z,y € H
define (z,y) = >72, (2}, y;). The sum converges absolutely since

o [lz511% + lly; 11>
DMyl < DNl lyll < D2 == < oo
j=1

Then H is a Hilbert space in this inner product. (Proof — straightforward
— completeness same as for £2.) H is called the (exterior) direct sum of the
H,,. Each H, may be naturally identified with the subspace of H consisting of all
(0,0,...,2,0,...), z € Hy,, with  in the nth place.

If H is a given Hilbert space and {H,} is a sequence of mutually orthogonal
subspaces such that the set of all Z;;l x;, x; € Hj, are dense in H, then every z in
H can be uniquely written in the form 3772, x;, x; € Hj, with llz||> = > ||=;]|%, and
every such sum determines a vector in H (when > ||z;||* < o). In this case H is
called the (interior) direct sum of the subspaces H,, and we write H =Y ° | & H,.

Proposition 4.17. Let H, be a sequence of Hilbert spaces. Let H = > >° | Hp,.
Let A, : H, — H, be a bounded operator for each n. Define A : H — H by
A(le,xQ, .. ) = (A133‘1, AQJZQ, .. ) with

o0
Da={zeH:) |4Az;|* <o}
j=1
Note that Dy is a dense subspace of H because it contains all finitely non—zero
sequences. Define B(z1,2a,...) = (Ajx1, Asxo,...) with

oo
Dp={z€H: Z [|Afz; || < oo}
j=1
Then A* = B. Moreover, the set of finitely nonzero sequences in H is a core for A
and A is closed.

Proof. Clearly A takes Dy into H. If x € D4 and y € Dp then

oo oo

(Az,y) = (Ajzj,y;) = (x5, A%y;) = (z, By).
j=1 j=1
Hence the map x — (Az,y) is continuous on Dy and y € Da-, and A*y = By.
Thus A* O B. Conversely, suppose that z € D4«. Then there exists z* € H such
that (Ax, z) = (x, z*), for all x € D4. Then for all x € H,, we have:

(z, (Ap) 2n) = (Anzx, 2,) = (Ax, 2p,) = (Az, 2) = (z,27) = (z, (2%)n)-
Hence (A4,)*z, = (2*)n. Thus

DA zall® = D 1 all® = 1217 < oo
n=1 n=1
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This shows that z € Dp and z* = Bz. Hence A* C B. Thus A* = B. Finally, if
x € Da, v = (x1,%2,...), then the element 2/ = (z1,...,2;,0,0,...) is a finitely
nonzero sequence and z/ — x as j — oo, while Az — Az, in view of the definition
of D4. Hence the finitely nonzero sequences form a core for A. Since adjoints are

closed B is closed. A similar argument with A, and A} interchanged shows that
B*=A. So Aisclosed. m

Definition 4.18. The operator A in the proposition is called the direct sum of the
operators A,. Notation: A =73 "" ®A,

Corollary 4.19. If, in the preceding proposition, each A, is Hermitian then A is
self-adjoint. Moreover it is the only self-adjoint operator whose domain contains
each H, and agrees with A, there.

Proof. B = A. Hence A* = A. If C is another self-adjoint operator with
De D H, Yn and C = A, on H,, then C = A on the finitely nonzero sequences.
Since this set is a core for A, it follows that C D A. E.g., if ¢ € D4 and 27 is
as in the proof of the proposition, then Cz/ = Az7 converges, as does z/. Hence,
since C' is closed € Do and Cx = limCz’ = lim A2/ = Az. But a self-adjoint
operator can never have a proper self-adjoint extension. For C' D A = C* C A",
i.e., C C A, therefore C = A. =

Examples 4.20. Let (X,u) be a measure space. Let f be a complex valued
measurable function on X. Let D = {g € L?(u) : fg € L?(n)}. Define Mg = fg
for g € D. Then My is densely defined. D is its “natural domain.” We shall always
understand the domain of a multiplication operator to be its natural domain. Of
course if f is bounded then its domain obviously is all of L?(y).

Corollary 4.21. (M;)* = M. If f is real then My is self-adjoint.

Proof. This is of interest primarily if f is unbounded because we have already
proved it if f is bounded. Let B, = {x € X :n—1 < |f(z)| < n} forn=1,2,....
Let H,, be the set of functions in L?(u) which are zero off E,,. Then clearly L?(u) =
220:1 @H,,. Moreover the restriction of My to H,, is bounded (with norm at most
n) and the domains of My and M7 are precisely those described in the proposition
for A and B. Hence M;=M; m

Exercise 4.5. In the notation of the proposition, prove that ||A| = sup, ||Ax||
if this is finite, and otherwise A is unbounded. That is, a direct sum of bounded
operators is bounded iff they are uniformly bounded.

Exercise 4.6. Let H be a Hilbert space and A a closed symmetric operator on H.
Suppose that there exists an increasing sequence of closed subspaces K, of H, each
of which is contained in D4 and is invariant under A, ie., AK, C K,. Suppose
moreover that |72, K, is a core for A. Prove that A is self-adjoint.
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4.2. Differential operators. One of the most important applications of the spec-
tral theorem for self-adjoint operators is to the analysis of differential operators.
In this section we are going to study examples of symmetric differential operators,
some of which are actually self-adjoint and (for good reason) some are not. We
are going to focus on techniques that are used daily in the study of differential
operators.

Smoothing by convolution

Definition 4.22. For two real or complex valued measurable functions f and g on
R? their convolution is defined by

(41) (Fe9)@ = [ gty
Rd
when the integral exists.

In particular, if f € L'(RY) and g € LP(R?) then the integral exists for almost
all x and

(4.2) If * gl r@ey < 1 fllr@ayllgllLemay, 1 <p<o0.

[Ref. 611. E.g. Rudin #2 Ch. 8, Problem 4.
But the convolution may also exist in other circumstances. We say that a func-
tion g is in LY (R?) if

loc

(4.3) / lg(z)|Pdz < 0o for every compact set K C R
K

For example the function el*” is not in any LP space but is in LY = for all
p € [1,00]. Now suppose that f € C.(R%) and g € L}, ,(R?). Then (f  g)(x) exists
for every x € R? because the integral in (4.1) is really just an integral over the
compact set {y € RY :  —y € supt f}. The integrand is a bounded function,

(y — f(z —y)), times a function which is integrable over this set.
Exercise 4.7. Prove the following lemma.

Lemma 4.23. Suppose that f € C.(R?) and g € L}, (R?). Then fxg is continuous
on RZ.

Hint: Choose a compact set K C R? which contains all points within one inch
of supt f. Let t — K = {z — z: z € K} (which equals {y :  —y € K}). Then

(4.4 (Feoe)= [ fa=patay
if ¢ —xo| < 1.

Now that you’ve mastered this technique of proof, here is another lemma with
almost the same proof.

Lemma 4.24. Suppose that f € C*(RY) and g € L}, (R?). Then fxg € C>®(RY).

loc

Proof. Write 0; = 0/0x; and f; = 0;f. To prove the lemma all we need to do
is to justify the identity

(45) 0,7+ 9)la) = | (@:1)(e =ty
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because 0;f is again in Cg°. Choose K as in the previous hint and write the
difference quotient as

(f = g)(zo + he;i) —(f*g)(wo) (f; * 9)(zo0)

= [ Rt s I gy bty

which is valid if |h| < 1. The integrand clearly goes to zero pointwise as h — 0.
Thus to maintain a clear conscience you need only verify for yourself that the factor
in braces remains uniformly bounded as h goes to zero. You might try using the
fundamental theorem of calculus or (if f is real valued) the mean value theorem,
according to taste. m

Lemma 4.25. Choose any function ¢ € C>°(R?) such that

a. >0 on RY.

b. Jpa O(x)dx =1

c. ¢(x) =0 if |[x| > 1.

Let ¢ () = k™ o(kx).

d. Then [p. ¢r(x)dz =1 and ¢(z) =0 if |z| > (1/k).

Let g € LP(RY) for some p € [1,00). Then |¢r * g — gllLrrey — 0 as k — co. In
particular C*° N LP is dense in LP.

Proof. Given g € LP(R?) and € > 0 there exists a function h € C.(R%) such
that [|g — h|l1»(re) < €. Then

1ok %9 = gllee < lox* (9= h)lle + lI¢n * b= hllLe + [l — gllz»
<e+|orxh—h|+e
But

|(¢x * h)(x) — h(x)] = | /Rd ox(x —y)(h(y) — h(z)dy|
< sup

< [h(y) — h(z)]
{y:lz—yl<(1/k)}
by d. Since h is continuous and has compact support the right side of the last line
goes to zero uniformly in = as k — oo and, for all £ > 1, is zero on the compact
set of points which are more than one inch from the support of h. Hence the right
side of the last inequality goes to zero in LP. =

Theorem 4.26. C° is dense in LP(R?) for 1 < p < oo.

Proof. We have already proven that C°° N LP is dense in LP in the previous
lemma, using convolution for smoothing. Now we will use truncation. Choose a
function 1 € C°(RY) such that

e. ¥(z) =1 for |z| < 1.

Let ¢ (z) = ¥(x/k). Then the functions 1, are uniformly bounded and 9y (z) —
1 for all z. Hence if f € C°° N LP then v f is in C°(RY) for all k and converges to
f in the LP sense (by dominated convergence.) ®
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4.3. The Laplacian over R<.

Definition 4.27. The Laplacian is the second order differential operator defined
by

(4.6) Af = Z 0*f/ 833? for real or complex valued functions f on R%
j=1

As to what sense of differentiability we need to impose on f we will leave up
in the air for the moment. But we will use the symbol Af only when f is twice
continuously differentiable. The issue for us will be how to extend or restrict the
domain of this operator so as to get a self-adjoint operator in L?(R%).

The Laplace operator in its various manifestations is the most beau-
tiful and central object in all of mathematics. Probability theory,
mathematical physics, Fourier analysis, partial differential equa-
tions, the theory of Lie groups, and differential geometry all revolve
around this sun, and its light even penetrates such obscure regions
as number theory and algebraic geomery.

Edward Nelson, Tensor Analysis

Theorem 4.28. Define
(4.7) Tf=Af for feCr

Then
a. T is symmetric in L*(R?) and

b. Its closure, T, is self-adjoint.

Proof. Two integrations by parts shows that (T'f,g) = (f,Tg) for f and ¢ in
C’OO(Rd). So T is symmetric. Its closure, T, is therefore also symmetric. Since
(T)* = T* we need to show that T = T* in order to show that T is self-adjoint.
Since T C T* we already know that 7' C T*. So we only need to show the reverse
containment. In words: we need to show that the closure of T"is T*. More explicitly:
we need to show that for any function f € D(T™) there is a sequence f,, € C2° such
that f,, converges to f in L? norm while at the same time T'f,, converges to T* f in
L? norm. We are going to do this in two steps, analogous to the proof of Theorem
4.26. m

Lemma 4.29. C>=(R%) N L2(R?) is a core for T*.

Proof. Choose a sequence ¢ as in the proof of Lemma 4.25. If f € D(T™*)
and f = ¢ * f then we already know, by Lemma 4.25, that f, € C> N L? and
converges to f in L? norm. So we must show that f;, € D(T*) and T* f; converges
to T*f in L? norm. Suppose that h € C>°(R%). Then

(f ¢r * Th) by Fubini’s theorem

= (f,T(¢r % h)) Dby (4.5)

= (T*f, ¢ xh) because ¢y x f € C°
= (e * (T"f), h)
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Since ¢; * (T*f) € L? the right side, and therefore the left side, is a continuous
function of h in L? norm. Hence f € D(T*) and moreover the identity shows that

(4.8) T" fr = ¢+ (T*f)

In view of Lemma 4.25 we now see that T f converges to T* f in L? norm. m

Next, we are going to carry out the analog of the truncation step. But first we
will have to do a lot of work to justify a seemingly obvious integration by parts
when we are dealing with functions that don’t have compact support.

Lemma 4.30. Suppose that f € C>°(R%) N D(T*). Then

d
_ _ 20
(19) ann=3 | @2

Proof. Of course the identity (4.9) would follow immediately from an integration
by parts if we could ignore the boundary terms. The fact that we will have to do
a lot of work to justify ignoring the boundary terms should be a lesson to you!

Choose 1 € C2°(RY) as in the proof of Theorem 4.26, but this time we will need
to choose v a little more carefully. Choose it so that it is decreasing as one moves
radially outward from the origin. For example one could construct ¢ in the form
P(x) = u(|z|) where u : [0,00) — [0,00) is > 0 everywhere, has compact support
on [0, 00), is equal to one on [0,1] and is decreasing thereafter. (Draw a picture of
u.) Let vp(z) = ¥(z/k). Then 0 < ), € C°(R?) and 1 (z) increases to one for
all x as k — oo. Integration by parts in the following identities is valid because
each integrand has compact support.

d d
;/}Rd V(@) ((9; ) (x)) dx = —;/Rd{(ajwk)ajf+¢k(ajf)}fd$

d
:Z/ (0501,)0; f2dx — (vr A, f)
j=1 7R

= /Rd(Ad’k)fzdx — (S, f)

Now since 0 < ¢ (z) T 1 we may apply the monotone convergence theorem to the
left side to find the limit [;, >-(8;f(x)))?dax (which may be infinite as far as we
know right now.) Since (Af)f € L'(R?) we may apply the dominated convergence
theorem to the last term on the right to find limg_,o (Vi Af, f) = (Af, f). Finally,
we may compute, by the chain rule, Ayy(x) = (1/k%)(Av)(x/k), which goes to
zero uniformly in x as k — co. Hence [p,(Avy)f?dz — 0 by DCT again. This
proves (4.9) and in particular shows that the right side of (4.9) is finite after all. m

Question Why did we need to choose ¢ in this lemma so that ¥y is increasing,
but not in the proof of Theorem 4.267

Proof of Theorem 4.28. In view of Lemma 4.30 it suffices to show that
if f € C°(R%) N D(T*) then there exists a sequence f, € C°(R?) such that f,
converges to f in T graph norm. To this end define v,, as in the proof ofTheorem
4.26 and define f,(z) = ¥n(z)f(z). Clearly f, € C° and f, converges to f in
L? norm. So it remains only to prove that Af, converges to Af in L? norm also.
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[Must point out somewhere that T* f = Af when f € C*.] But

d
Afn = (Apn)f + 9 Af +23 (0510)(0;f)

Jj=1

Since A, — 0 uniformly and f € L? the first term goes to zero in L? norm by
DCT. Since 1, — 1 boundedly the second term converges to Af in L? norm by
DCT also. Finally, since 01, (x) = (1/n)(9;1¢)(x/n), which goes to zero uniformly
on R?, while each term o;f € L?(RY) by Lemma 4.30, the last term goes to zero in
L? norm. m

Remark 4.31. There is an important alternative way to prove Theorem 4.28, using
the Fourier transform. We will sketch this later in ...

4.4. The Laplacian in one dimension. In one dimension the Laplacian of a
function f is just f”, if you pay attention to Definition 4.27. But we are now
dealing with the Laplacian as a closed operator in a Hilbert space and the domain
is not entirely up to us to choose, if we wish the operator to be closed, not to mention
self-adjoint. If f is a function in D(T*) then f doesn’t change as an element of
L?(R) if we change it on a set of measure zero. And yet such a change can make a
smooth function into a nowhere differentiable function. We are going to show that
by changing f on a set of measure zero (if necessary) we can make any element f
in D(T*) into a C! function such that f’ is absolutely continuous on R while f”,
which exists a.e., is in L?(R). This gives an explicit characterization of the domain
of d?/dz? as a self-adjoint operator in L?(R).

Theorem 4.32. Suppose that d =1 and h € D(T*). Then there exists a unique
continuous function u such that

a. u=nh a.e.

Moreover

b. u € CY(R),

c. u' is absolutely continuous,

d. v € L*(R) and

T*h =u".

Proof. Choose ¢ € C°(R) such that [, ¢(x)dz = 1. For any function f €
C*(R) observe the identity

(4.10) P =r [ s

Multiply this identity by ¢(¢) and integrate w.r.t. t. Do an integration by parts on
the first term to find

(4.11) Fla) = — /R & () (1)t + /R 6(1) /t " (s)dsdt.

Let wq(s) = [z &(t)X[t,2)(s)dt where x4 5 means —x[, ) if t > x. For fixed z, w,(s)
is a bounded function of s with compact support. As a function of z the map
T+ w, is a continuous function into L?(R). (Check these statements now.) Then
(4.11) may be written

(4.12) f'@)=—=(¢, f) + (wa, 7).



44 LEONARD GROSS

This equation expresses information about f’ at a point in terms of inner products.
Suppose now that h € D(T*). By Lemma 4.29 there exists a sequence f,, € C*°NL?
such that f,, converges to h in L? norm while f converges to g = T*h in L? norm.
Replace f by f, in (4.12) and let n — oo to find

(4.13) T f(x) = (6. h) + (wr. 9).

Denote by v(z) the function on the right. Then v is continuous and locally bounded.
Now repeat this argument starting with the identity

(4.14) o) = fult) + [ fi(o)ds
instead of (4.10). We find

(4.15) fule) = [ 60100t + (0, 1),
Thus

(4.16) lim f,(z) = (¢, h) + (wa, v)

for each x. But some subsequence f,, converges a.e. to h. Hence the continuous
function

u(x) = (¢, h) + (we,v)
is equal to h(z) a.e. We have now shown that f,(z) converges to u(x) while f/,
converges to v boundedly on every finite interval. Taking the limit now in (4.14)
we deduce that

(4.17) u(z) = u(t) + /tT v(s)ds

for all x and t. Since v is continuous the fundamental theorem of calculus now
shows that v/ = v and therefore u € C'(R). Going back a step further, to (4.10),
with f replaced by f, we find, upon letting n — oo

(4.18) v(z) =v(t) + /tI g(s)ds

Since L? . C Lj,, we see that v is absolutely continuous and v'(z) = g(x) a.e. This

completes the proof of the theorem. m

4.5. A non-self-adjoint version of the Laplacian. So far we have been proving
only self-adjointness of the Laplacian on the entire real line. But when a boundary
is present anything can happen. Here is an example of the Laplacian on a half line
wherein self-adjointness fails.

222227227277 81606

Example 4.33. A closed symmetric operator which is not self-adjoint. Let H =
L?(0,00), D = C°((0,0)). Define Tf = f” for f in D. Then T is densely defined.
If f,g € D, then

rt.0) = | " e = - / " e = / " fdr = (4,Tg).

Therefore T C T*. Hence T™ is densely defined and 7' closure exists. Let T ' be
the closure of T. Then T* = (T**)* =T*. But T* D T. Thus T* D T, ie., T is
symmetric.



MATH 713 FALL 2006 LECTURE NOTES ON FUNCTIONAL ANALYSIS 45
Claim: T is not self-adjoint.

Proof. Let f € D(T) and let g = T'f. Then there exists f, € D(T) > f, — f
in L? and T'f,, — g. Now,

:/Omf,’b(t)dt:/ / ds dt = / / X(0,(8) £,/ (s)dsdt
- /Ox( /OIX[O,t](S)fff(S)dt>d5: / (2 — 5)f2/(s)ds — / (z — 5)g(s)ds

Therefore
(4.19) f(x) :/0 (x —s)g(s)ds a.e.

Since f is determined only up to a set of measure zero, we may assume (4.19) holds
for all z by modifying f on a set of measure zero. Thus f is absolutely continuous on
[0, 00) since the integrand in(4.19) is in L locally. Clearly f(0) = lim,_¢ f(z) = 0.

Moreover
(/Ox+h(a: +h—s)g(s)ds — /Om(a: - S)g(s)ds)

fath) - f@) 1
h
1 z+h z
— E(/x (x—|—h—s)g(s)d8+h/0 g(s)ds

h
1 x+h x+h
‘E/ (m—i—h—s)g(s)ds‘ S/ lg(s)|ds — 0 as h— 0.

but

Therefore f'(x fo s)ds everywhere Thus f’ is absolutely continuous on [0, 0o)
and f'(0) = O Hence 1f f € D(T) then f and f’ are absolutely continuous,
f" =g € L? and Tf = f”. (This is a slightly different derivation of these
statements from the full line case.) But also f(0) = f’(0) = 0. So suppose ¢ is an
arbitrary function in C?([0, 00)) with compact support in [0,00). Then Vf € D(T);
(Tf,¢) = (f,¢"), by two integrtions by parts, using f(0) = f/(0) = 0. Therefore
¢ € D(T*). But we may take ©(0) # 0. Then ¢ ¢ D(T). Hence TG T™*. That is,
T is not self-adjoint. =

Moral. In this example the domain of T and hence of T’ was too small, giving us
a symmetric but not self-adjoint version of d?/dz?. What is the difference from the
case of the full line? The domain of T is so small because the two conditions f(0) = 0
and f/(0) = 0 were forced by our choice of domain of T, namely, C2°((0, 00). These
functions are zero in an entire neighborhood of zero. And when we take the closure
of the operator there is still a remnant of this character in the form f(0) = f/(0) =
as we saw. But if we enlarge the domain of 7" by dropping one of these two conditions
will its closure be self-adjoint? Answer: Yes. The next theorem contains a precise
statement. It will be important to understand that “too small” refers to too many
boundary conditions rather than too much regularity. To this end we will assume
the validity of the following exercise.

Exercise 4.8. Define T'f = f” with domain D(T) = C°((0, 00)), as in the previous
example. So T is the “minimal” operator. Prove that g € D(T*) if and only if

a. g € L*((0,00)),

b. g € C'(]0,00)) after modification on a set of measure zero, and

c. ¢’ is absolutely continuous and g” € L?((0, 00)).
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Hint: Most of the proof will be the same as the proof of Theorem 4.32. However
when convoluting near the left endpoint it would be wise to use a function ¢(z)
which is supported in (—o0, 0].

Theorem 4.34. Define Sf = f" with D(S) = {f € C>([0,00) : f(0) = 0}. Then
S is symmetric and S is self-adjoint.

Proof. Suppose that f € C2°(]0,00)) and that g and ¢g” are in L?([0,00)). The
second condition should be interpreted, as usual, to mean that g € C1(]0, 00)) while
¢’ is absolutely continuous and ¢g” € L?. We need the following integration by parts
identity, which is so important that I'm going to derive it for you.

(4.20) (f".9) = (f,9") + f(0)g'(0) — f'(0)g(0)
Proof of (4.20):

/ " Pa@)g(a)de = - / " P @)g (@)de — F/(0)9(0)
0 0
- / F(@)g"(@)dz + F(0)g'(0) — F/(0)g(0)

‘We have made no assumption so far about f or g at x = 0. Now let us assume that
f£(0) = 0. This puts f into D(S) and we may then rewrite (4.20) as

(4.21) (Sf.9) = (f.9") — f'(0)g(0)

If g were in D(S) then we would have g(0) = 0 and this identity therefore shows
that S is symmetric, as claimed. Returning to the supposition at the beginning
of this proof observe that according to the definition 4.6 the function g will be
in D(S*) only if (Sf,g) is a continuous function of f in the L? norm. But the
first term on the right of (4.21) is a continuous linear functional of f in L? norm
because ¢ € L%*([0,00)). Therefore g will be in the domain of S* only if the
map f +— f’(0)g(0) is continuous in L? norm. But this is impossible unless the
coefficient ¢(0) is zero. (See exercise below.) Hence, in order for g to be in D(S*) it

is necessary that ¢g(0) = 0. That is, if g € D(S*) then g € D(S). Since we alread
y g g g y

know that S C S* we have now shown that S = S*. m

Exercise 4.9. Show that the linear maps C2°([0,00)) > f +— f(0) and
C2([0,00)) > f +— f'(0) are both discontinuous when the L? norm is used on
the domain and therefore have no continuous extensions to L2.

cceecececececececececcece

4.6. von Neumann’s criteria for self-adjointness. As in the case of bounded
Hermitian operators we shall prove two forms of the spectral theorem for self—
adjoint operators. Our proof depends on the following basic criterion for self-
adjointness. (The organization of the next theorem and its corollary is taken from
Reed and Simon, vol. 1.)

Theorem 4.35. Let T be a symmetric operator on a Hilbert space H. Then the
following three statements are equivalent:

(a) T is self-adjoint

(b) T is closed and ker(T* + i) = ker(T™ — i) = {0}.
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(¢) Range(T + i) = Range(T —i) = H.

Proof. We prove (a) = (b) = (c¢) = (a).

Assume (a). Since T = T, T is closed. If ¢ € ker(T* — i) then i(p,¢) =
(ip, @) = (T, ) = (T, 0) = (¢, T*p) = (p,ip) = —i(¢p,¢p). Therefore ||| =0
and ¢ = 0. A similar proof shows that ker(T™ + i) = {0}.

Assume (b). If ¢ were orthogonal to Range(T + i) then ((T' + i)p,v) = 0,
Vo € Dp. Hence ¢ € Dy~ and (¢, (T* —i)y) = 0 Vo € Dp. Since Dr is dense
(T* — i)y = 0. But by (b) ¢ = 0. Hence Range(T + ) is dense in H. But for any
2 € DT;

(4.22) (T +d)ell” = (T + i), (T +i)p) = [ITe]* + oll* > [l

Hence if ¢ € H is arbitrary 3 ¢, € Dr > (T + i), — 9 and the last inequality
shows that then ¢, is Cauchy. Hence Jp € H such that ¢, — ¢. But T + i is
closed. Hence ¢ € Dy and (T + i) = 1. Therefore Range(T + i) = H. The proof
that Range(T — i) = H is similar.

Assume (¢). To show T* = T it suffices to show Dy« C Dy since T is symmetric.
Let ¢ € Dp«. Since Range(T — i) = H, 3 y € Dy such that (T — i)y = (T* — ).

Since Dy C Dp~, ¢ —y € Dy~ and (T* —i)(p —y) = 0. But Range(T' +1i) = H
implies ker(T* —¢) = {0}. Hence ¢ —y =0. That is, p € Dy. =

Definition 4.36. An operator T is called essentially self-adjoint if its closure, T,
exists and is self-adjoint.

Corollary 4.37. Let T be a symmetric operator on a Hilbert space. The following
are equivalent:

(a) T is essentially self-adjoint.

(b) ker(T™ + i) = ker(T™ — i) = {0}.

(¢) Range(T + i) and Range(T — i) are dense in H.

Proof. Since T* = T" (a) and (b) are equivalent by the theorem. For any
symmetric operator T', the inequality (4.22) in the proof of the theorem, together
with the definition of closure of an operator, imply that Range(T" + i) = Range(T +
i). Similarly Range(T — i) = Range(T — i). Hence condition (c) of the corollary is
equivalent to condition (c) of the theorem for 7. m

Remark 4.38. If T' is a closed symmetric operator then the inequality (4.22) in the
proof of the theorem holds and the argument following it shows that the subspaces
Ky = Range(T £ i) are closed. Of course T is self-adjoint if and only if K, =
K_ = H. But if this fails then the numbers my = dim K3 are measures of the
deviation of T from self-adjointness. The cardinal numbers m4 are called the
deficiency indices of T'. It is a theorem that if m, # m_ then T has no self-adjoint
extensions. If m; = m_ # 0 then T has many self-adjoint extensions. Reference:
Riesz and Nagy “Functional Analysis,” Section 123.
Exercise 4.10. Let S = S(R) as in (1) of Example 1.7. Define L : S — S by
d?f
Lf= ok

S is dense in L?(R). Regard L as a densely defined linear transformation in L?(R).

a) Show that L has a closed linear extension.
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b) Show that the closure T of L is self-adjoint.

Definition 4.39. For any (possibly unbounded) linear operator 7' : H — H, a
complex number A is said to be in the resolvent set of T if T'— A\I is one to one and
onto and (T — AI)~! is bounded. Otherwise \ is said to be in the spectrum of T.

Exercise 4.11. a) Restrict the operator L of the previous problem to the set D
consisting of those f which vanish in a neighborhood of 0. (The neighborhood de-
pends on f.) Call the restriction A. Prove that A is densely defined and symmetric
but is not essentially self-adjoint. Hint: Let ¢ = Fourier transform of tz—lﬂ and
show that A*¢ =ip. b) Find the spectrum of A*.

Exercise 4.12. Suppose that A is a linear transformation in H and that A is
densely defined, closed, one to one, and has dense range. Then clearly A™! exists
and is densely defined, and A* and (A~!)* both exist. Prove

i) ker(A*)=0

ii) Range A* is dense in H

iii) (A=1)* = (A4*)~! (which exists by i) and ii))

iv) A=1 is closed.
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4.7. The spectral theorem for unbounded self-adjoint operators. Let E(-)
be a projection valued measure on a Hilbert space H over a o—field S of subsets of
a set X. (cf. Definition n 3.27) For any vector v in H, the measure

B — my(B) = (E(B)u,u)

is a positive finite measure. If f is a bounded measurable function on X, then

H(/de)uH2 - (/deu,/deu)
_ ((/de)*(/de)u,u)

(4.23) —(( [ 17PaE)u) = [ 15PdE 000,

thus

(4.24) |( [ rae)al = [152dm..

Hence the map f — ([ fdE)u defined for bounded measurable f on X extends
uniquely to an isometry from L?(z,m,) into H. We denote by f fdFEu the value
of this isometry for each f in L%(z,m,).

Now let g be a fixed complex valued measurable function on X. We define an
operator A on H as follows: Dy = {u € H : g € L?>(X,m,,)} and on this domain,
define Au = [ gdEu and write A = [ gdE.

Proposition 4.40. A is a closed operator and A* = [gdE. If g is real, then A is
self-adjoint.

Proof. Let B, ={z € X :n—1<|g(z)| <n} forn=1,2,.... Let H, = range
E(B,,). Since the B, are disjoint and |J;° B, = X, we have H Z _,®H,. Let
A, = [gxB,dE. Since gxp, is a bounded function, A,, is a bounded operator
and F(B,)A, = A,E(B,) = [ 9xB,xB,dE = ngBndE = A,,. Thus A,, leaves
H,, invariant and is zero on the orthogonal complement of H,. Moreover, A} =
[ Gxs,dE also leaves H,, invariant and annihilates H;-. We may regard A, as an
operator defined in H,, and we consider the direct sum operator > -, ®A,, defined
in Proposition 4.17. If u is in H, then

> Il =3 [lonPaECuw = S [ loadm, = [loam..
n=1 n=1 n=1

Hence u is in the domain of Zf;l @A, if and only if u € D4. Moreover if u is in
D 4, then
Au = /ngu = lim [ gxur_ B, dEu
n—oo -
by the definition of A since
gxur_ B, =9

in L?(m,,). Hence

Au = hm Z/QXBkdEU— lim ZAkE Bi)u (Z@Ak)
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Thus A is a direct sum of bounded operators and is therefore closed by Proposition
4.17. Moreover A* = Y7 @A} which, by what we have just shown, is equal to
JgdE. Finally if g is real, then A* = [gdE = [ gdE = A, so A is self-adjoint. m

Theorem 4.41 (Spectral Theorem: multiplication operator form). Let T' be a self-
adjoint operator on a separable Hilbert space H. Then there exists a finite measure
space (X, p1), a unitary operator U : H — L*(X, u) and a real valued measurable
function f on X such that

(4.25) UTU ! = M.

Proof. By Theorem 4.35, T + ¢ is one to one and onto from Dp to H. Hence
its inverse (T + i)~ ! exists. Moreover by (4.22) (page 41) (T +i)~! is bounded.
Similarly (7' — i)' is also a bounded, everywhere defined operator. Moreover, by
the preceding exercise ((T +i)~1)* = (T —i)~!. Since (T + i) commutes with
T — i (be careful with domains when verifying this) their inverses also commute.
It follows that (T'+ i)~! is a normal (bounded) operator. Hence, by the spectral
Theorem 3.21 there exists a finite measure space (X, 1) and a bounded measurable
function g on X and a unitary operator U : H — L?(X) such that

U(T+4)~tU™t = Mg.

Now (T +i)~! is one to one. Hence, so is Mg. Therefore g can be zero only on
a set of measure zero. Thus the function f(z) = 1/g(z) — ¢ is well defined a.e. [u]
and we may define it to be zero where g = 0. Thus g(z) = (f(x) +4)~! a.e. If h is
in L?(u) then each of the following assertions is clearly equivalent to the next:

1) h e DMf

2) h e DMf+i

3) h € Range Mf ;-1 = Range Mg

4) U=th € Range (T + i)~ = Domain (T + i) = Dr.

Thus UDr = Dy, Moreover if h € Dy, and ¢ = (f +i)h then h = g so
that U='h = U 'MgUU Y = (T +i)"'Utp. Thus (T +i)U"*h = Uty or
U(T+i)U th=Msi;h = Mgh+ih,so UTU 'h = Mh and (4.25) holds. But for
any unitary operator U and closed operator A, (UAU1)* = UA*U~! (exercise).
Hence (4.25) shows that M is self-adjoint. Thus by Corollary 4.21 f is real almost
everywhere. m

Theorem 4.42 (Spectral theorem: projection valued measure form). Let T be a
self-adjoint operator on a separable complex Hilbert space H. Then there exists a
projection valued measure E(-) on the Borel sets of the line such that

(4.26) T / T ME).

Proof. Just as in the existence proof of the spectral Theorem 3.36 for bounded
normal operators, it suffices, in view of the preceding theorem, to prove the theorem
in case T is a multiplication operator. Thus if T" = M; where f is a real-valued
measurable function on (X, i), we define E(B) = My, _, ,, for any Borel set B C R.
Then if g(A) = >°7_ ajxp;()) is a simple function on the line with {B;} disjoint
we have

/Q(A)dE()\) = Z%E(Bj) = Z%‘fo,l(sj) = Mgoj.
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Thus
(4.27) / gNAE(A) = Moy

— 0o
when ¢ is a simple function. By taking uniform limits of a sequence of simple
functions we see that this continues to hold for any bounded measurable function
g on R. Thus, from (4.27) and the equations (4.23) and (4.24) we have

[ 1go petaute) = | ( [ oar)] = [ laoyRdm, .

Now, if g is an arbitrary measurable function on R, we put g, (A) = g(A) if [g(A)| < n
and 0 otherwise. Then by monotone convergence we get

o0

(4.28) /X (g0 F)@)ulz) Pdu(z) = / g()2dma ()

— 00

for all g. In particular, putting g(\) = X we see that
[ @u@)Pdute) = [ Xdm. )
X —o00

Hence u € Dy, iff u € Dg where S = ffooo AdE(X). Thus if u € Dy, , then
m o0

Su=lim [ MENu= lim [ gm(NdEN)u
m—oo J_ .. m—oo [_

= lim My oru= Msu

m— 00

as one sees easily using the dominated convergence theorem twice. Thus
o0
/ ME(N) = My
— 00

which proves the theorem. =

Remark 4.43. The uniqueness portion of the spectral theorem as in the proof of
Theorem 3.36 holds in the unbounded case also. But we omit the proof.

Remark 4.44. Questions of commutativity for unbounded operators are delicate and
dangerous. If T' is unbounded and D is a bounded operator the useful definition is
as follows: T' commutes with D if

DT CTD.

Note that with this definition 0 commutes with all unbounded operators (but
would not if we insisted on DT = T'D). With this definition it is true that if
T = [ AE()) is self-adjoint, then a bounded operator D commutes with T iff it
commutes with all E(B) (B = Borel set).

Remark 4.45. (Functional Calculus.) Just as for bounded operators, there is a func-
tional calculus for unbounded self-adjoint operators also. For any Borel measurable
function f on R and self-adjoint operator 1" define

(4.29) = [ T HVAEW)

where E(-) is the spectral resolution of T. We will omit here further discussion of
the consistency of this definition for unbounded functions. For bounded functions
some of the discussion in Subsection 3.3 applies.
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Exercise 4.13. Let A be a self-adjoint operator on a complex separable Hilbert
space H and define e™4 by using f(\) = ¢**. The usual power series for the unitary
operator e'*4 cannot, of course, converge in norm if A is unbounded because each
term of the series is an unbounded operator. But it could happen that for some

vectors x the series
oo

(4.30) > ()it A)

converges and actually equals e’*4x. A vector z is called an analytic vector for A if

a) z € D(A™) forn=1,2,... and
b) the series (4.30) converges absolutely for all ¢ in some interval (—¢,¢) de-
pending on x.
Prove that any self-adjoint operator A has a dense set of analytic vectors. [One
says >~ yn converges absolutely if > 07 ||y,|| < co.]
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5. COMPACT OPERATORS

Definition 5.1. A linear map A : HB® — KB ig compact if the image of every
bounded set has compact closure.

Remarks 5.2. Let A: HBo" — KB be a linear map. Then

(1) If A is compact then A is bounded.

(2) Let A be compact and define S,, = {x : ||z|| < n}. Then AS, is compact
and therefore separable. Since ran(A) = |J,-, AS,, the range of A is
separable.

(3) Let {A,} be a sequence of compact operators such that ||A, — A|| — 0.
Then A is compact.?

Proof. Given {z,} with ||z, | <1 there is a subsequence n;; such that Az, ,
converges as j — oo. This subsequence has in turn a subsequence n;2 such that
Asxy,, converges, etc. Let yp = wn,,. Then {yx} is a subsequence of {z,}.
Moreover A,y converges in k for each n.

| Ayr — Ayell < [[Ayr — Asyrll + | Aiye — Asyell + || Aiye — Ayel|
< 2[|A — Al + [[Aiyr — Aiyell.

Hence mk,gHwHAyk — Ayell < 2||A — A;]| which can be made arbitrarily small. m

Definition 5.3. A has finite rank if R(A) is finite dimensional, where R(A) =
range A.

Example 5.4. Let & be in H* and y; be in K for j = 1,...,n. Let Az =
> i=1&(2)y;. Then A is bounded and of finite rank.

Remarks 5.5. A bounded and finite rank = A is compact. Every norm limit of
bounded finite rank operators is compact.

Partial converse: If A : HP — KB is compact and has closed range then A
is of finite rank.

Proof. By the open mapping theorem A : H — R(A) is open. Therefore R(A)
is locally compact and hence finite dimensional. m

Corollary 5.6. If A : HP — HB™ s compact and H is infinite dimensional
then 0 € o(A).

Proof. If 0 is not in o(A) then R(A) = H, which is closed but not finite

dimensional.
Example 5.7. Let K(s,t) be continuous on [0,1] x [0,1]. Define an operator
A:LY0,1) — C([0,1]) by

(Af)(s) = /0 K(s,t)f(t)dt for all f € L'(0,1).

Af is continuous by the dominated convergence theorem. We will show that A is
a compact operator.

20One can prove this by showing that AS; is totally bounded. Indeed if € > 0 is given and
[JA — Am| < e, since Ay St is totally bounded, there exists a finte set A C K such that A,,S1 C
UyeaB(y,€). It is now easily seen that AS1 C Uyca B(y, 2¢).
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Let M = sup{|K(s,t)] : 0 < s,t < 1}. Then |[(Af)(s)] < M for all s in [0, 1] if
If]l1 < 1. Since K is uniformly continuous there is, for given € > 0 a 6 > 0 such
that |K(s,t) — K(so,t)| < € whenever |s — so| < . Hence if || f|j; <1 then

[(Af)(s) = (Af)(s0)] < /IK(SJ) — K(so, )| [f(t)|dt < e

whenever |s — sg| < §. Thus A (unit ball of L) is a pointwise bounded equicon-
tinuous family of functions on [0, 1] and therefore has compact closure by Ascoli’s
theorem. So A is a compact operator.

Further examples can be obtained from the preceding example by changing the
domain and/or range. Thus, since ||f|l, > || f|l1 for 1 < p < oo, the restriction of A
to LP or L™ or C([0,1]) defines a compact operator into C([0, 1]). Moreover, since
a totally bounded subset of C(]0,1]) is also totally bounded in L?, for 1 < p < oo,
one can simultaneously change the range also to any one of these spaces.

Theorem 5.8 (Schauder). An operator in B(X,Y) is compact iff its adjoint is
compact.

Proof. Let S, S* be the closed unit balls in X, Y* respectively.

Let T : X — Y be compact and let {y’} be an arbitrary sequence in S*. Let
B={yeY |yl <|T||}- The restriction of ¥ to B gives a sequence of uniformly
bounded functions on B which are equicontinuous since |y (y) — v (2)| < |ly — 2|,
n=1,2,.... Since T'S is a compact subset of B Ascoli’s theorem shows that there is
a subsequence yy, - which is Cauchy in sup norm on 7'S. Thus (T™y;, )(z) =y, (Tz)
is Cauchy in sup norm on S. Thus T *y:j converges in norm to some continuous
linear functional on X and so T™* is compact. Conversely, let T* be compact. Then,
by the point just proved, T** is compact, hence if S** is the closed unit ball in X**,
T**S** is totally bounded. Thus if x : ¥ — Y**  is the natural imbedding, we have
xT'S C T**S**, xTS is totally bounded hence T'S is totally bounded. Therefore
TS is compact and T is compact. m

Exercise 5.1. Let H be a separable complex Hilbert space. A bounded operator
A is said to be of Hilbert—Schmidt type (or simply a Hilbert—Schmidt operator) if

(5.1) > [l Aen]® < oo
n=1

for some Orthonormal * basis {e1,es,...} of H.

a) Prove that if A is of H.S" type then the sum in (5.1) is independent of the
choice of Orthonormal * basis.

Denote the sum in (5.1) by || A||3.
b) Prove that
(5.2) [A]l < [|All2.
c¢) Prove that the set of H.S" operators on H is itself a Hilbert space in the usual

operations of addition and scalar multiplication if one defines

oo

(5.3) (A,B) = (Aen, Bey).

n=1

d) Prove that a Hilbert—Schmidt operator is compact.
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e) Show that the set of Hilbert—Schmidt operators is a two sided ideal in B(H).

5.1. Riesz Theory of Compact Operators. Let H be a Banach space. Let
C : H — H be compact. Let B=1— C then B* =1 — C*.

Lemma 5.9. If {y,.} is a bounded sequence and By, converges then {y,} has a
convergent subsequence.

Proof. Since C' is compact there is a subsequence yy,,; such that C'y,,, converges,
to z say. Since y,; — Cyy,, converges, to w say, it follows that y,, converges to
w+z. N

Definition 5.10. An operator B : Xnormed _, ynormed js said to be bounded below
if there is a constant m > 0 such that ||Bz| > m/|z| for all x € X.

Lemma 5.11. If B=1— C is one to one then B is bounded below.

Proof. Suppose that B is not bounded from below. Then there exists a se-

quence y, such that ||y,|| = 1 while By, — 0. By Lemma 1 there is a convergent
subsequence y,,. But if 2 = limy,,; then ||z|| = 1 and Bx = 0, so B is not one to
one.

Proposition 5.12. ker(B) is finite dimensional.

Proof. Let Hy = ker(B). z is in Hp if and only if Cz = 2. But C sends the
unit ball of Hy into a totally bounded set. Therefore Hy is finite dimensional by
Proposition 1.33. =

Lemma 5.13. Let F be a finite dimensional subspace of a Banach space H. Then
there is a closed subspace M C H such that

H=FoM

in the sense that every vector z, in H is uniquely of the form z = x + y with x in
F andy in M.

Proof. Let z1,...,2, be a basis of F'. For each j the linear functional §; : F' —
scalars, defined by &; (3"} _, axzk) = a;, is a well defined linear functional on the
finite dimensional space F', hence is continuous. It therefore has a continuous linear
extension to all of H by the Hahn-Banach theorem. Denote the extension by &;
also. Define an operator P : H — H by

n
Pz = Zﬁj(:c)xj

j=1
If v = >, _, axzy then clearly Pz = . Therefore, since range P C F we have p? =
P. P is a finite sum of continuous operators, hence is continuous. Let M = ker P.
Then M is closed and M NF = {0}. If z € H then P(z — Pz) = Pz— P?2=0. So
y:=z—Pze M. le., z=x+y with z = Pz. (Note that P is a projection onto
F) m

Proposition 5.14. Range B is closed.



56 LEONARD GROSS

Proof. Since ker(B) is finite dimensional it has a closed complement M as in
Lemma 5.13. Then Range(B) = B(M). Suppose w is a limit point of Range(B).
Then there exists a sequence y,, in M such that By, — w. Now the proof of Lemma
5.11 shows that, as an operator from M into H, B is bounded below. That is, the
restriction B | M is bounded below. Hence the y,, form a bounded sequence. We
may apply Lemma 5.9 to conclude that this sequence has a convergent subsequence
{Yn,, }- Its limit v satisfies Bv = limg_,00 BYyp, = w. W

Proposition 5.15. If B is onto then B is one to one.

Proof. Let Hy = {0}. For n > 1 let H,, = ker(B") then Hy C Hy C Hy C ---.
If B is not 1:1 there exists  # 0 such that Bx = 0. Let 1 = x, define z,, inductively
such that Bz, = x,_;. Then B"z, = 0, B" 'z, # 0. Therefore x, € H, but
Zn ¢ H,_1, hence H,_; is properly contained in H,. There exists y, € H, with
lynll =1 and ||y, — x| > 1/2 for all x € H,_; (see Lemma 1.32). If n > m

Cyn - Cym =Yn — [y’m + Byn - Bym} =Yn — T forsome z € Hn—l-
So ||Cyn — Cyml|| > 1/2. Therefore C'{y,} is not totally bounded, contradiction. m

Proposition 5.16. If B is one to one then B is onto.

Proof. Suppose B is one to one, by Lemma 5.11, B is bounded below. It follows
that if M C H is a closed subspace then B(M) is closed also.

Suppose that Range B # H. Let Hy = H, Hi = BH, H, = BH;,.... Then
H,41 is a closed and proper (because B is 1:1) subspace of H,,. By Lemma 1.32
there exists a vector x,, in H, such that ||z,| = 1 and dist(z,, H,+1) > 1/2. But
then if n > m

Czy, — Czxy = 2, — Bry, — v + By, = 2, — @ where € Hyppyq.
Hence ||Czy, — Cxyl|| > d(@m, Hm+1) > 1/2. Thus the sequence Cx,, contains no
Cauchy subsequence, contradicting the compactness of C. =
Proposition 5.17. dimker B = dim ker B*.

Proof. Let z1,...,x, be a basis for ker B and let 71, ..., 7, be a basis for ker B*.
By the Hahn-Banach theorem 3 §; € H* such that

(54) §](.’L‘l) :(Si7j,i7j: 1,...,’[7,.

Moreover, if K = ker B* and x — T is the natural injection of H into H** then the
map z — Z | K must map onto K*, for if not then there is a non—zero vector w in the
finite dimensional subspace K annihilated by all such Z. That is u(z) = Z(u) = 0

for all x € H — which means u = 0 after all. Thus there are vectors yi,...,%, in
H such that
(5.5) ni(yi) =6 5,4,7=1,...,1

Now suppose n < v. Define

C'z=Cx+ ij(x)yj.

Jj=1
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Then C’ is a compact operator. If B’ = 1 — C’ then we assert B’ is one to one. For
suppose B'zg = 0. Then

(5.6) Bao = _&(w0)y;.

But
0 = B*n;(xo) because n; € ker B
= 1;(Bxo) by definition of B*

= &(wo)mi(y;) by (5.6)

j=1
(5.7) = &i(zo) by (5.5).

Hence Bxzy = 0 by (5.6) and the last equality. Hence xzg = Z?:l a;x; for some
scalars a;, because x1,. .., x, spans ker B. But by (5.7) and (54) a; =&i(x9) =0.
Hence zg = 0. This shows ker B’ = 0.

Thus by Proposition 5.17, B’ is onto. Hence 3 x € H such that y,+; = B'x.
But then

1= Nnt1(Yng1) = 77n+1(B,117)

= Nt 1(BT) — N1 ( znzfj (l‘)yj)

= (B"nt1) () — Zﬁj(l‘)nnﬂ(yj) =0-0.

Contradiction.
Thus we have shown n > v. Le.,
(5.8) dimker B > dim ker B*.

Since C* is also compact we have

(5.9) dim ker B* > dim ker B**.

But B** “agrees” with B on the canonical image of H in H**. Hence
(5.10) dim ker B** > dimker B.

Combining (5.8), (5.9) and (5.10) shows that these are all equalities — which
proves the proposition. m

Theorem 5.18. Let C be a compact operator on a Banach space H. Every non—
zero point X of the spectrum of C' is an eigenvalue of finite multiplicity. (That is,
dimker(A — C) is finite.) Moreover the multiplicity of A for C is the same as for
C*. The only possible cluster point of the spectrum of C' is zero.

Proof. If A\ # 0 is in o(C) then 1 — A7!C is not invertible. Since A\~1C is
compact 1 — A~1C can fail to be invertible either because it is not one to one —
in which case A is an eigenvalue (of finite multiplicity by Proposition 5.12 — or
because it is not onto — in which case it is also not one to one by Proposition 5.16.
If it is both one to one and onto it is of course invertible by the open mapping
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theorem (or Lemma 5.11). By Proposition 5.17 dim ker(A — C') = dimker(A — C*)
if X\ # 0 since ker(A — C) = ker(1 — A710).

Finally, to prove that zero is the only possible cluster point of o(C') assume that
3 A, € 0(C) and that A, converges to some A # 0. We may assume \,, # A, for
m # n and that 3 v > 0 such that |\,| > « for all n. Then 3 z,, # 0 such that
Cxy, = Apx,. We assert that the set {x,} is linearly independent. If not let n be

the first integer such that x,, = E;:ll ojz; with some a; # 0. Then

n—1
Ay = Cx, = Z AT
j=1
Thus
n—1 n—1
An Z Oéj.’Ej = Z CVj)\j(ZZj
j=1 j=1
and
n—1
Z Oz]‘(>\n - Aj)ll?j =0.
j=1
Therefore o; =0, j =1,...,n — 1 — contradiction.
Let H,, = span(z1,...,z,). Then H, is a properly increasing sequence of sub-

spaces. 3 y,, such that ||y,| =1, y, € Hy, and [y, — z|| > 3 V& € H,_1 by Lemma
1.32.
Let y € Hy,. Then y = Y7 | ajx;, and

Cy — )\ny = ZOZj()\j — )\n)(E] e H, 1.
j=1

If n > m then
||Cyn - Cym” = ||(Cyn - Anyn) + /\nyn - )\mym + (/\mym - Cym)”
= |Anyn — 2|| where z € H,,_4
S el S 7
-2 —2

Hence {Cy,,} contains no Cauchy subsequence — contradiction. m

Corollary 5.19. If C has an infinite number of eigenvalues then 0 is a cluster point
of eigenvalues. Thus the eigenvalues can be arranged in a sequence converging to
zero.

Proof. If Cx = Az, z # 0, then
IAlllzll = [[Az]| = |Cz|| < |C]] [|]]

Therefore |A| < ||C].

The set of proper values has at least one cluster point if there are an infinite
number of them. This must be 0 by the theorem. Since only finitely many can
lie outside the disc |z| < 1/n they may be arranged in a sequence converging to
zero. W
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Corollary 5.20. If C is a compact normal operator on a separable complex Hilbert
space H there is a finite or infinite sequence P, of mutually orthogonal finite di-
mensional projections such that

(o) k
(5.11) C=> AP, (orC=> \Py)
n=1 n=1

where {\,} are the non—zero eigenvalues of C' and the series converges in the oper-
ator norm. Moreover H has an orthonormal basis consisting of eigenvectors of C
(i.e., C can be “diagonalized”).

Proof. Let
(5.12) C= AE(N)
a(C)
be the spectral representation of C' and let A, Ag, ... be the non—zero eigenvalues

of C. Then this set is finite or else A\, — 0 as n — oo by Corollary 5.19. Let
P, = E({\,}). Then dim P, = multiplicity of A\,, < oco. Then equation (5.12)
reduces to equation (5.11) because the functions

Fa) =X X000 (A) = { 0 itﬁerv?/ise }

form a sequence of simple functions on ¢(C') which converge uniformly on o(C') to
A, while

k
o (0) n=1
We may now choose an Orthonormal . basis x1,xs, ... of H such that each vector
is in Range P, for some n or is in Range E({0}) = null space C. C is diagonal on

this basis. =

Exercise 5.2. Let D = {f € L?(0,1) : f is absolutely continuous on [0, 1], ' is
absolutely. continuous on [0,1], f” is in L?(0,1), and f(0) = f(1) = 0}. Define
Tf=f"for fin D.

a) Prove that T has a compact inverse.

b) Prove that T is self-adjoint.

¢) Find the spectrum of T'.
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6. SEMIGROUPS OF OPERATORS

Definition 6.1. A semigroup of operators on a Banach space B is a function
s — T, from [0, 00) to bounded operators on B such that

a) TO =1

b) Tiys = T;Ts for s,t >0

The semigroup is called strongly continuous if for each x € B, the function
t — Tz is continuous from [0, c0) into B.

(tA)"

Example 6.2. Let A be a bounded operator on B. Define !4 = ">

n=0 n!
This series converges in norm because ||“‘:¥H < W. Thus ||t | < eltAl. Any
elementary combinatorial (power series) proof that e*t¥ = e%e¥ shows, without
change in proof, that et*$)4 = ¢t4e54 Hence the function 7, = e** defines a
semigroup. This semigroup is not only strongly continuous but also norm contin-

uous, i.e., [[e —es4|| — 0 as t — s. To see this, note that
let — e = [[(e"4 = D)es A < e — 1] [|e* .
But the power series representation of e(*=*)4 — 1 shows ||e*=9)4 — 1|| = O(t — s).

Thus |le!4 — e*4|| = 0 ast — s.

Of course, norm continuity of any semigroup 73 is stronger than strong continuity
— as follows from ||Tix — Tszx|| < ||Tt — T|| ||z|| — 0 as t — s. It is a fact that the
above example yields all the norm—continuous semigroups. The most important
semigroups, however, are not norm continuous. They correspond — in a sense to
be described below to an A which is unbounded.

Example 6.3. Let E(:) be a projection valued measure on the complex plane
with values which are projections on a complex Hilbert space H. Assume that the
support set of E' is contained in the left half-plane C_ = {z : Re z < 0}. Define

T; :/ e*'dE(z), t>0.
Since |e*!] <1 for z € C_ and ¢ > 0, it follows that |T3|| < 1 for ¢ > 0. Moreover,
the functional calculus shows that T; s = T3Ts and of course Ty = 1. Hence T'(+)
is a semi—group. It is strongly continuous, for if x € H and m,(B) = (E(B)z, z),
then we have
| Tyx — Tox||* = / le*t — e**|2dmy,(2).
C_

Since the integrand is at most 4 on C_ and goes to zero pointwise as t — s, the
dominated convergence theorem shows that ||T;x — Tsz|| — 0 as ¢ — s. Thus T'(+)
is a strongly continuous semigroup.

Symbolically, if we write A = fc, zdE(z), then in view of the functional calculus

definition of €', we have T} = e*4.

As we have seen, T; is a contraction operator (i.e., | 73| < 1) because the spec-
trum of A lies in the left half plane.

Informally, the function u(t) = ez solves the equation
d
(6.1) d%‘ = Au(t), u(0) = z.

Two important special cases are:
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1) A = i(—A + V) acting in L?(R"), where V is multiplication by a suitable
real function. In this case, ¢4 is self-adjoint and consequently o(A) lies on the
imaginary axis. The equation (6.1) is the Schrodinger equation.

2) A = A acting in L?(R"). In this case, 4 is self-adjoint and negative, so o(A)
lies along the negative real axis. The equation (6.1) is then the heat equation.

We remark also that the wave equation % = Au can be reformulated so as to
reduce to (6.1), with o(A) lying along the imaginary axis.

Definition 6.4. A semigroup of operators T; is called a contraction semi—group if
IT:]] <1 for all ¢ > 0. This is the most important class of semigroups.

Definition 6.5. Let T; be a semigroup of linear operators in a Banach space B.
Define Af = limit, o 2= f with domain Dy = {f € B : for which Af exists}. A
is called the infinitesimal generator of the semigroup T;.

The basic facts about semigroups of operators are the following theorems.

Theorem 6.6. IfT; is a strongly continuous semigroup of bounded linear operators,
then its infinitesimal generator A is a closed densely defined linear operator. Ty is
uniquely determined by A in the sense that distinct semigroups have distinct infini-
tesimal generators. Moreover, if f is in Da, then u(t) = Ty f solves the differential

equation
du

dt
Theorem 6.7 (Hille Yosida theorem). A densely defined, closed, linear operator

A is the infinitesimal generator of a strongly continuous contraction semigroup <
the positive half line (0,00) is contained in the resolvent set of A and

(t) = Au(t), t>0 with u(0) = f.

1
[(A—A)7Y < T A>o0

For the proofs of these theorems and other exciting facts about semigroups, we
refer the reader to E. B. Dynkin, Markov Process I, pages 22-33 which present a
rather direct and self-contained account of the theory.

The earliest theorem of this type is the Stone—Von Neumann theorem.

Theorem 6.8 (Stone-Von Neumann). Every strongly continuous one parameter
unitary group U(t) on a complex Hilbert space H is of the form U(t) = e'*® where
B is a self-adjoint operator. The infinitesimal generator of U(:), in the sense of
the previous definition, is precisely A = iB.

Proof. See Reed and Simon, Functional Analysis, Vol. 1, 266-267. =

Exercise 6.1. A vector x in a Banach space B is called a C* vector for a
densely defined operator A on B if & € D(A") for n = 1,2,3,.... Notation:
C>(A) = ,—, D(A"). Prove that if A is the infinitesimal generator of a con-
traction semigroup, Ts, on B then C°°(A) is dense in B. Hint: Consider vectors
15~ 9(s)Tswds for wise choices of g.



