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Introduction.

I have taught the beginning graduate course in real variables and functional
analysis three times in the last five years, and this book is the result. The
course assumes that the student has seen the basics of real variable theory and
point set topology. The elements of the topology of metrics spaces are presented
(in the nature of a rapid review) in Chapter I.

The course itself consists of two parts: 1) measure theory and integration,
and 2) Hilbert space theory, especially the spectral theorem and its applications.

In Chapter IT I do the basics of Hilbert space theory, i.e. what I can do
without measure theory or the Lebesgue integral. The hero here (and perhaps
for the first half of the course) is the Riesz representation theorem. Included
is the spectral theorem for compact self-adjoint operators and applications of
this theorem to elliptic partial differential equations. The pde material follows
closely the treatment by Bers and Schecter in Partial Differential Fquations by
Bers, John and Schecter AMS (1964)

Chapter III is a rapid presentation of the basics about the Fourier transform.

Chapter IV is concerned with measure theory. The first part follows Caratheodory’s
classical presentation. The second part dealing with Hausdorff measure and di-
mension, Hutchinson’s theorem and fractals is taken in large part from the book
by Edgar, Measure theory, Topology, and Fractal Geometry Springer (1991).
This book contains many more details and beautiful examples and pictures.

Chapter V is a standard treatment of the Lebesgue integral.

Chapters VI, and VIII deal with abstract measure theory and integration.
These chapters basically follow the treatment by Loomis in his Abstract Har-
monic Analysis.

Chapter VII develops the theory of Wiener measure and Brownian motion
following a classical paper by Ed Nelson published in the Journal of Mathemat-
ical Physics in 1964. Then we study the idea of a generalized random process
as introduced by Gelfand and Vilenkin, but from a point of view taught to us
by Dan Stroock.

The rest of the book is devoted to the spectral theorem. We present three
proofs of this theorem. The first, which is currently the most popular, derives
the theorem from the Gelfand representation theorem for Banach algebras. This
is presented in Chapter IX (for bounded operators). In this chapter we again
follow Loomis rather closely.

In Chapter X we extend the proof to unbounded operators, following Loomis
and Reed and Simon Methods of Modern Mathematical Physics. Then we give
Lorch’s proof of the spectral theorem from his book Spectral Theory. This has
the flavor of complex analysis. The third proof due to Davies, presented at the
end of Chapter XII replaces complex analysis by almost complex analysis.

The remaining chapters can be considered as giving more specialized in-
formation about the spectral theorem and its applications. Chapter XI is de-
voted to one parameter semi-groups, and especially to Stone’s theorem about
the infinitesimal generator of one parameter groups of unitary transformations.
Chapter XII discusses some theorems which are of importance in applications of



the spectral theorem to quantum mechanics and quantum chemistry. Chapter
XIII is a brief introduction to the Lax-Phillips theory of scattering.
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Chapter 1

The topology of metric
spaces

1.1 Metric spaces

A metric for a set X is a function d from X x X to the non-negative real
numbers (which we dente by Rxg),

d:XXX—)RZO

such that for all z,y,z € X

L d(z,y) = d(y, v)

2. d(z,z) < d(z,y) + d(y, z)
3. d(z,z) =0

4. Tf d(z,y) = 0 then z = y.

The inequality in 2) is known as the triangle inequality since if X is the
plane and d the usual notion of distance, it says that the length of an edge of a
triangle is at most the sum of the lengths of the two other edges. (In the plane,
the inequality is strict unless the three points lie on a line.)

Condition 4) is in many ways inessential, and it is often convenient to drop
it, especially for the purposes of some proofs. For example, we might want to
consider the decimal expansions .49999... and .50000... as different, but as
having zero distance from one another. Or we might want to “identify” these
two decimal expansions as representing the same point.

A function d which satisfies only conditions 1) - 3) is called a pseudo-
metric.

A metric space is a pair (X, d) where X is a set and d is a metric on X.
Almost always, when d is understood, we engage in the abuse of language and
speak of “the metric space X”.

13



14 CHAPTER 1. THE TOPOLOGY OF METRIC SPACES

Similarly for the notion of a pseudo-metric space.

In like fashion, we call d(z,y) the distance between x and y, the function
d being understood.

If r is a positive number and x € X, the (open) ball of radius r about z is
defined to be the set of points at distance less than r from x and is denoted by
B, (z). In symbols,

Br(z) :={yl d(z,y) <r}.

If r and s are positive real numbers and if x and z are points of a pseudo-
metric space X, it is possible that B,(xz) N Bs(z) = . This will certainly be
the case if d(z, z) > r + s by virtue of the triangle inequality. Suppose that this
intersection is not empty and that

w € B(x) N Bg(z).

If y € X is such that d(y,w) < min[r — d(z,w),s — d(z,w)] then the triangle
inequality implies that y € B,(x) N Bs(z). Put another way, if we set ¢ :=
min[r — d(z,w), s — d(z,w)] then

Bi(w) C By(z) N By(z2).

Put still another way, this says that the intersection of two (open) balls is either
empty or is a union of open balls. So if we call a set in X open if either it
is empty, or is a union of open balls, we conclude that the intersection of any
finite number of open sets is open, as is the union of any number of open sets.
In technical language, we say that the open balls form a base for a topology
on X.

A map f: X — Y from one pseudo-metric space to another is called con-
tinuous if the inverse image under f of any open set in Y is an open set in
X. Since an open set is a union of balls, this amounts to the condition that
the inverse image of an open ball in Y is a union of open balls in X, or, to use
the familiar €, § language, that if f(z) = y then for every € > 0 there exists a
0 = 6(x,€) > 0 such that

f(Bs(@)) € B.(y).

Notice that in this definition § is allowed to depend both on z and on e. The
map is called uniformly continuous if we can choose the § independently of
x.

An even stronger condition on a map from one pseudo-metric space to an-
other is the Lipschitz condition. A map f: X — Y from a pseudo-metric
space (X,dx) to a pseudo-metric space (Y, dy) is called a Lipschitz map with
Lipschitz constant C' if

dy (f(x1), f(x2)) < Cdx(x1,22) Vo, 20 € X.

Clearly a Lipschitz map is uniformly continuous.
For example, suppose that A is a fixed subset of a pseudo-metric space X.
Define the function d(A4,-) from X to R by

d(A, x) := inf{d(z,w), we A}.
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The triangle inequality says that
d(z,w) < d(z,y) + d(y, w)

for all w, in particular for w € A, and hence taking lower bounds we conclude
that
d(A,z) < d(z,y) + d(4,y).

or

d(A,z) —d(A,y) < d(z,y).

Reversing the roles of = and y then gives

Using the standard metric on the real numbers where the distance between a
and b is |a — b| this last inequality says that d(A,-) is a Lipschitz map from X
to R with C' = 1.

A closed set is defined to be a set whose complement is open. Since the
inverse image of the complement of a set (under a map f) is the complement
of the inverse image, we conclude that the inverse image of a closed set under a
continuous map is again closed.

For example, the set consisting of a single point in R is closed. Since the
map d(A,-) is continuous, we conclude that the set

{z]d(A, z) = 0}

consisting of all points at zero distance from A is a closed set. It clearly is a
closed set which contains A. Suppose that S is some closed set containing A, and
y € S. Then there is some r > 0 such that B, (y) is contained in the complement
of S, which implies that d(y,w) > r for all w € S. Thus {z|d(4,z) =0} C S.
In short {x|d(A4,z) = 0} is a closed set containing A which is contained in all
closed sets containing A. This is the definition of the closure of a set, which is
denoted by A. We have proved that

A= {z|d(A z)=0}.

In particular, the closure of the one point set {x} consists of all points u such
that d(u,z) = 0.

Now the relation d(z,y) = 0 is an equivalence relation, call it R. (Transitiv-
ity being a consequence of the triangle inequality.) This then divides the space
X into equivalence classes, where each equivalence class is of the form {z}, the
closure of a one point set. If u € {z} and v € {y} then

d(u,v) < d(u, z) +d(z,y) + d(y, v) = d(z,y).
since x € {u} and y € {v} we obtain the reverse inequality, and so

d(u,v) = d(z,y).
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In other words, we may define the distance function on the quotient space X/R,
i.e. on the space of equivalence classes by

d(@,@) =d(u,v), ue€ m,v € @

and this does not depend on the choice of u and v. Axioms 1)-3) for a metric
space continue to hold, but now

d({z} {y}) = 0= {z} = {y}.

In other words, X/R is a metric space. Clearly the projection map x +— m is
an isometry of X onto X/R. (An isometry is a map which preserves distances.)
In particular it is continuous. It is also open.

In short, we have provided a canonical way of passing (via an isometry) from
a pseudo-metric space to a metric space by identifying points which are at zero
distance from one another.

A subset A of a pseudo-metric space X is called dense if its closure is the
whole space. From the above construction, the image A/R of A in the quotient
space X/R is again dense. We will use this fact in the next section in the
following form:

If f 1Y — X is an isometry of Y such that f(Y) is a dense set of X, then
f descends to a map F of Y onto a dense set in the metric space X/R.

1.2 Completeness and completion.

The usual notion of convergence and Cauchy sequence go over unchanged to
metric spaces or pseudo-metric spaces Y. A sequence {y,} is said to converge
to the point y if for every e > 0 there exists an N = N(e) such that

d(yn,y) <€ Vmn>N.

A sequence {y,} is said to be Cauchy if for any e > 0 there exists an N = N(e)
such that
A(Yn,Ym) <€ Y m,n > N.

The triangle inequality implies that every convergent sequence is Cauchy. But
not every Cauchy sequence is convergent. For example, we can have a sequence
of rational numbers which converge to an irrational number, as in the approxi-
mation to the square root of 2. So if we look at the set of rational numbers as a
metric space Q in its own right, not every Cauchy sequence of rational numbers
converges in Q. We must “complete” the rational numbers to obtain R, the set
of real numbers. We want to discuss this phenomenon in general.

So we say that a (pseudo-)metric space is complete if every Cauchy sequence
converges. The key result of this section is that we can always “complete” a
metric or pseudo-metric space. More precisely, we claim that
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Any metric (or pseudo-metric) space can be mapped by a one to one isometry
onto a dense subset of a complete metric (or pseudo-metric) space.

By the italicized statement of the preceding section, it is enough to prove
this for a pseudo-metric spaces X. Let X,., denote the set of Cauchy sequences
in X, and define the distance between the Cauchy sequences {z,} and {y,} to
be

d({zn}, {yn}) == nh—>r20 d(T, Yn)-

It is easy to check that d defines a pseudo-metric on Xy¢q. Let f: X — X,¢
be the map sending x to the sequence all of whose elements are x;

flx) = (x,z,z,2,--).

It is clear that f is one to one and is an isometry. The image is dense since by
definition

lm d(f(zn), {zn}) = 0.

Now since f(X) is dense in X4, it suffices to show that any Cauchy sequence
of points of the form f(xz,) converges to a limit. But such a sequence converges
to the element {x,}. QED

1.3 Normed vector spaces and Banach spaces.
Of special interest are vector spaces which have a metric which is compatible

with the vector space properties and which is complete: Let V' be a vector space
over the real or complex numbers. A norm is a real valued function

v o
on V which satisfies
1. |jv]| >0 and > 0 if v # 0,
2. ||lev] = |e]|jv]| for any real (or complex) number ¢, and

3 lv+w|| < |||+ |Jwl] ¥V v,we V.

Then d(v, w) := ||v—w]| is a metric on V', which satisfies d(v+u, w+u) = d(v, w)
for all v,w,u € V. The ball of radius r about the origin is then the set of all v
such that |Jv|| < r. A vector space equipped with a norm is called a normed
vector space and if it is complete relative to the metric it is called a Banach
space.

Our construction shows that any vector space with a norm can be completed
so that it becomes a Banach space.
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1.4 Compactness.

A topological space X is said to be compact if it has one (and hence the other)
of the following equivalent properties:

e Every open cover has a finite subcover. In more detail: if {U,} is a
collection of open sets with

XCU%

then there are finitely many aq, ..., a, such that

X CUg U UU,,.

o If F is a family of closed sets such that

N -o

FeF

then a finite intersection of the F’s are empty:

Fn---NF,=0.

1.5 Total Boundedness.

A metric space X is said to be totally bounded if for every ¢ > 0 there are
finitely many open balls of radius € which cover X.

Theorem 1.5.1 The following assertions are equivalent for a metric space:
1. X is compact.
2. Fvery sequence in X has a convergent subsequence.

3. X 1is totally bounded and complete.

Proof that 1. = 2. Let {y;} be a sequence of points in X. We first show that
there is a point = with the property for every ¢ > 0, the open ball of radius €
centered at = contains the points y; for infinitely many ¢. Suppose not. Then
for any z € X there is an € > 0 such that the ball B.(z) contains only finitely
many y;. Since z € B(z), the set of such balls covers X. By compactness,
finitely many of these balls cover X, and hence there are only finitely many 4,
a contradiction.

Now choose ¢; so that y;, is in the ball of radius % centered at x. Then
choose i3 > i1 so that y;, is in the ball of radius % centered at x and keep going.
We have constructed a subsequence so that the points y;, converge to . Thus

we have proved that 1. implies 2.
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Proof that 2. = 3. If {z;} is a Cauchy sequence in X, it has a convergent
subsequence by hypothesis, and the limit of this subsequence is (by the triangle
inequality) the limit of the original sequence. Hence X is complete. We must
show that it is totally bounded. Given € > 0, pick a point y; € X and let B.(y1)
be open ball of radius € about y1. If Be(y1) = X there is nothing further to
prove. If not, pick a point y2 € X — Bc(y1) and let B(y2) be the ball of radius e
about ya. If Bc(y1) U Bc(y2) = X there is nothing to prove. If not, pick a point
ys € X — (Be(y1) U Be(y2)) etc. This procedure can not continue indefinitely,
for then we will have constructed a sequence of points which are all at a mutual
distance > € from one another, and this sequence has no Cauchy subsequence.

Proof that 3. = 2. Let {z;} be a sequence of points in X which we relabel as
{21} Let By 1,..., B, 1 beafinite number of balls of radius 1 which cover X.
Our hypothesis 3. asserts that such a finite cover exists. Infinitely many of the j
must be such that the x; ; all lie in one of these balls. Relabel this subsequence
as {wz;}. Cover X by finitely many balls of radius £. There must be infinitely
many j such that all the x5 ; lie in one of the balls. Relabel this subsequence as
{z3;}. Continue. At the ith stage we have a subsequence {z; ;} of our original
sequence (in fact of the preceding subsequence in the construction) all of whose
points lie in a ball of radius 1/i. Now consider the “diagonal” subsequence

T11, £2,2,%3,3,----

All the points from x;; on lie in a fixed ball of radius 1/¢ so this is a Cauchy
sequence. Since X is assumed to be complete, this subsequence of our original
sequence is convergent.

We have shown that 2. and 3. are equivalent. The hard part of the proof
consists in showing that these two conditions imply 1. For this it is useful to
introduce some terminology:

1.6 Separability.

A metric space X is called separable if it has a countable subset {z;} of points
which are dense. For example R is separable because the rationals are countable
and dense. Similarly, R™ is separable because the points all of whose coordinates
are rational form a countable dense subset.

Proposition 1.6.1 Any subset Y of a separable metric space X is separable
(in the induced metric).

Proof. Let {z;} be a countable dense sequence in X. Consider the set of pairs
(j,n) such that
Bl/gn(xj) ny 7é 0.

For each such (j,n) let y;, be any point in this non-empty intersection. We
claim that the countable set of points y; ,, are dense in Y. Indeed, let y be any
point of Y. Let n be any positive integer. We can find a point z; such that
d(z;,y) < 1/2n since the x; are dense in X. But then d(y,y;,) < 1/n by the
triangle inequality. QED
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Proposition 1.6.2 Any totally bounded metric space X is separable.

Proof. For each n let {z1,,...,2:, n} be the centers of balls of radius 1/n
(finite in number) which cover X. Put all of these together into one sequence
which is clearly dense. QED

A base for the open sets in a topology on a space X is a collection B of open
set such that every open set of X is the union of sets of B

Proposition 1.6.3 A family B is a base for the topology on X if and only if
for every x € X and every open set U containing x there is a V € B such that
reVandV CU.

Proof. If B is a base, then U is a union of members of B one of which must
therefore contain x. Conversely, let U be an open subset of X. For each x € U
there is a V; C U belonging to . The union of these over all x € U is contained
in U and contains all the points of U, hence equals U. So B is a base. QED

1.7 Second Countability.

A topological space X is said to be second countable or to satisfy the second
axiom of countability if it has a base B which is (finite or ) countable.

Proposition 1.7.1 A metric space X is second countable if and only if it is
separable.

Proof. Suppose X is separable with a countable dense set {z;}. The open balls
of radius 1/n about the x; form a countable base: Indeed, if U is an open set
and z € U then take n sufficiently large so that By, (x) C U. Choose j so that
d(xj,z) < 1/n. Then V := By,(v;) satisfies x € V' C U so by Proposition
1.6.3 the set of balls B/, (x;) form a base and they constitute a countable set.
Conversely, let B be a countable base, and choose a point z; € U; for each
U; € B. If z is any point of X, the ball of radius € > 0 about z includes some
U; and hence contains x;. So the z; form a countable dense set. QED

Proposition 1.7.2 Lindelof’s theorem. Suppose that the topological space
X is second countable. Then every open cover has a countable subcover.

Let U be a cover, not necessarily countable, and let B be a countable base. Let
C C B consist of those open sets V belonging to B which are such that V- C U
where U € U. By Proposition 1.6.3 these form a (countable) cover. For each
V € C choose a Uy € U such that V' C Uy . Then the {Uy }y¢c form a countable
subset of U which is a cover. QED

1.8 Conclusion of the proof of Theorem 1.5.1.

Suppose that condition 2. and 3. of the theorem hold for the metric space
X. By Proposition 1.6.2, X is separable, and hence by Proposition 1.7.1, X is
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second countable. Hence by Proposition 1.7.2, every cover U has a countable
subcover. So we must prove that if Uy, Us, Us, ... is a sequence of open sets
which cover X, then X =U; UU;U---UU, for some finite integer m. Suppose
not. For each m choose x,, € X with x,, € Uy U---U U,,. By condition 2.
of Theorem 1.5.1, we may choose a subsequence of the {z;} which converge to
some point z. Since Uy U - - U U, is open, its complement is closed, and since
z; Uy U---U Uy, for j > m we conclude that « ¢ Uy U --- U U, for any m.
This says that the {U;} do not cover X, a contradiction. QED

Putting the pieces together, we see that a closed bounded subset of R™ is
compact. This is the famous Heine-Borel theorem. So Theorem 1.5.1 can be
considered as a far reaching generalization of the Heine-Borel theorem.

1.9 Dini’s lemma.

Let X be a metric space and let L denote the space of real valued continuous
functions of compact support. So f € L means that f is continuous, and the
closure of the set of all « for which |f(z)| > 0 is compact. Thus L is a real
vector space, and f € L = |f| € L. Thusif f € Land g € L then f+g¢g € L and
also max (f,g) = L(f +g-+|f —gl) € L and min (f,9) = 1(f+9—|f —g|) € L.

For a sequence of elements in L (or more generally in any space of real valued
functions) we write f,, | 0 to mean that the sequence of functions is monotone
decreasing, and at each x we have f,(z) — 0.

Theorem 1.9.1 Dini’s lemma. If f,, € L and f, | 0 then ||fu|lco — 0. In
other words, monotone decreasing convergence to 0 implies uniform convergence
to zero for elements of L.

Proof. Given € > 0, let C,, = {z|fn(x) > €}. Then the C, are compact,
Cy, D Cpyq and (), Cr = (. Hence a finite intersection is already empty, which
means that C,, = (} for some n. This means that ||f,||c < € for some n, and
hence, since the sequence is monotone decreasing, for all subsequent n. QED

1.10 The Lebesgue outer measure of an interval
is its length.

For any subset A C R we define its Lebesgue outer measure by
m*(A) = ianf(In) : I, are intervals with A C UI"‘ (1.1)

Here the length ¢(I) of any interval I = [a,b] is b — a with the same definition
for half open intervals (a,b] or [a,b), or open intervals. Of course if a = —o0
and b is finite or 400, or if a is finite and b = 400 the length is infinite. So the
infimum in (1.1) is taken over all covers of A by intervals. By the usual /2"
trick, i.e. by replacing each I; = [a;,b;] by (a; — €/27F1 b; + €/27F1) we may
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assume that the infimum is taken over open intervals. (Equally well, we could
use half open intervals of the form [a,b), for example.).

It is clear that if A C B then m*(A) < m*(B) since any cover of B by
intervals is a cover of A. Also, if Z is any set of measure zero, then m*(AUZ) =
m*(A). In particular, m*(Z) = 0 if Z has measure zero. Also, if A = [a,b] is an
interval, then we can cover it by itself, so

m*([a,b]) < b—a,

and hence the same is true for (a,b], [a,b), or (a,b). If the interval is infinite, it
clearly can not be covered by a set of intervals whose total length is finite, since
if we lined them up with end points touching they could not cover an infinite
interval. We still must prove that

m*(I) = ¢(I) (1.2)

if I is a finite interval. We may assume that I = [¢,d] is a closed interval by
what we have already said, and that the minimization in (1.1) is with respect
to a cover by open intervals. So what we must show is that if

[C, d} C U(Cbi, bl)

then

d*CS Z(bz 7(11‘).

We first apply Heine-Borel to replace the countable cover by a finite cover.
(This only decreases the right hand side of preceding inequality.) So let n be
the number of elements in the cover. We want to prove that if

n n
[e,d] C U(ai,bi) then d — ¢ < Z(bl —a;).
i=1 i=1
We shall do this by induction on n. If n =1 then a; < ¢ and b; > d so clearly
by —ay >d—c.

Suppose that n > 2 and we know the result for all covers (of all intervals
[c,d] ) with at most n — 1 intervals in the cover. If some interval (a;,b;) is
disjoint from [¢, d] we may eliminate it from the cover, and then we are in the
case of n — 1 intervals. So every (a;,b;) has non-empty intersection with [, d].
Among the the intervals (a;,b;) there will be one for which a; takes on the
minimum possible value. By relabeling, we may assume that this is (a1, b1).
Since ¢ is covered, we must have a; < ¢. If by > d then (a1, by) covers [c, d] and
there is nothing further to do. So assume b; < d. We must have b; > ¢ since
(a1,b1) N[c,d] # 0. Since by € [c,d], at least one of the intervals (a;,b;), i > 1
contains the point b;. By relabeling, we may assume that it is (as, b2). But now
we have a cover of [¢,d] by n — 1 intervals:

n

[e,d] C (a1,b2) U U(aiabi)'

1=3
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So by induction

n

d—CS (b2—01)+2(bi—ai).

=3

But by —a; < (b2 — CLQ) + (b1 — 0,1) since as < b;. QED

1.11 Zorn’s lemma and the axiom of choice.

In the first few sections we repeatedly used an argument which involved “choos-
ing” this or that element of a set. That we can do so is an axiom known as

The axiom of choice. If F is a function with domain D such that F(x)
is a non-empty set for every x € D, then there exists a function f with domain
D such that f(z) € F(x) for every x € D.

It has been proved by Godel that if mathematics is consistent without the
axiom of choice (a big “if”!) then mathematics remains consistent with the
axiom of choice added.

In fact, it will be convenient for us to take a slightly less intuitive axiom as
out starting point:

Zorn’s lemma. Every partially ordered set A has a mazximal linearly
ordered subset. If every linearly ordered subset of A has an upper bound, then
A contains a maximum element.

The second assertion is a consequence of the first. For let B be a maximum
linearly ordered subset of A, and z an upper bound for B. Then z is a maximum
element of A, for if y > x then we could add y to B to obtain a larger linearly
ordered set. Thus there is no element in A which is strictly larger than x which
is what we mean when we say that z is a maximum element.

Zorn’s lemma implies the axiom of choice.

Indeed, consider the set A of all functions g defined on subsets of D such
that g(z) € F(z). We will let dom(g) denote the domain of definition of g. The
set A is not empty, for if we pick a point zo € D and pick yo € F(zg), then
the function g whose domain consists of the single point xy and whose value
g(xo) = yo gives an element of A. Put a partial order on A by saying that
g = hif dom(g) C dom(h) and the restriction of h to dom g coincides with g.
A linearly ordered subset means that we have an increasing family of domains
X, with functions h defined consistently with respect to restriction. But this
means that there is a function g defined on the union of these domains, |JX
whose restriction to each X coincides with the corresponding h. This is clearly
an upper bound. So A has a maximal element f. If the domain of f were not
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all of D we could add a single point zy not in the domain of f and yo € F(z0)
contradicting the maximality of f. QED

1.12 The Baire category theorem.

Theorem 1.12.1 In a complete metric space any countable intersection of dense
open sets is dense.

Proof. Let X be the space, let B be an open ball in X, and let Oy, Os... be
a sequence of dense open sets. We must show that

Bn (O%) # 0.

Since O, is dense, BNO; # (), and is open. Thus BNO; contains the closure By
of some open ball B;. We may choose By (smaller if necessary) so that its radius
is < 1. Since By is open and O, is dense, B; NO5 contains the closure By of some
open ball Bs, of radius < %, and so on. Since X is complete, the intersection of
the decreasing sequence of closed balls we have constructed contains some point
x which belong both to B and to the intersection of all the O;. QED

A Baire space is defined as a topological space in which every countable
intersection of dense open sets is dense. Thus Baire’s theorem asserts that every
complete metric space is a Baire space. A set A in a topological space is called
nowhere dense if its closure contains no open set. Put another way, a set A is
nowhere dense if its complement A¢ contains an open dense set. A set S is said
to be of first category if it is a countable union of nowhere dense sets. Then
Baire’s category theorem can be reformulated as saying that the complement of
any set of first category in a complete metric space (or in any Baire space) is
dense. A property P of points of a Baire space is said to hold quasi - surely
or quasi-everywhere if it holds on an intersection of countably many dense
open sets. In other words, if the set where P does not hold is of first category.

1.13 Tychonoff’s theorem.

Let I be a set, serving as an “index set”. Suppose that for each o € I we are
given a non-empty topological space S,. The Cartesian product

S::HSa

acl

is defined as the collection of all functions x whose domain in I and such that
z(a) € S,. This space is not empty by the axiom of choice. We frequently write
Zo instead of z(a) and called z,, the “a coordinate of x”.
The map
fa:HSa—>Sa, T Ty

acl
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is called the projection of S onto S,. We put on S the weakest topology such
that all of these projections are continuous. So the open sets of S are generated
by the sets of the form

5 (Us) where U, C S, is open.

[e3

Theorem 1.13.1 [Tychonoff.] If all the S, are compact, then so is S =
Hae] Sa'

Proof. Let F be a family of closed subsets of S with the property that the
intersection of any finite collection of subsets from this family is not empty. We
must show that the intersection of all the elements of F is not empty. Using
Zorn, extend F to a maximal family Fy of (not necessarily closed) subsets of S
with the property that the intersection of any finite collection of elements of Fy
is not empty. For each «, the projection f,(Fo) has the property that there is
a point x, € S, which is in the closure of all the sets belonging to f,(Fo). Let
x € S be the point whose a-th coordinate is z,. We will show that x is in the
closure of every element of Fy which will complete the proof.

Let U be an open set containing x. By the definition of the product topology,
there are finitely many «; and open subsets U,, C S,, such that

ze () fa!(Ua)CU.
=1

So for each ¢ = 1,...,n, x4, € U,,. This means that U,, intersects every
set belonging to fo,(Fo). So f5!1(Ua,) intersects every set belonging to Fy and

hence must belong to Fy by maximality. Therefore,

n

() f2.!(Ua,) € Fo,

i=1

again by maximality. This says that U intersects every set of Fy. In other
words, any neighborhood of = intersects every set belonging to Fy, which is just
another way of saying = belongs to the closure of every set belonging to Fy.
QED

1.14 Urysohn’s lemma.

A topological space S is called normal if it is Hausdorff, and if for any pair
Fy, F, of closed sets with F; N Fy, = () there are disjoint open sets Uy, Us with
Fy C Uy and Fy C Us,. For example, suppose that S is Hausdorff and compact.
For each p € F; and q € F; there are neighborhoods O, of p and W, of ¢ with
Oy, N W, = 0. This is the Hausdorff axiom. A finite number of the W, cover
F, since it is compact. Let the intersection of the corresponding O, be called
U, and the union of the corresponding W, be called V},. Thus for each p € F}
we have found a neighborhood U, of p and an open set V}, containing F, with
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Up, NV, = (. Once again, finitely many of the U, cover F;. So the union U of
these and the intersection V' of the corresponding V,, give disjoint open sets U
containing F; and V containing F5. So any compact Hausdorff space is normal.

Theorem 1.14.1 [Urysohn’s lemma.] If Fy and Fy are disjoint closed sets
in a normal space S then there is a continuous real valued function f:S — R
such that 0 < f <1, f=0on Fy and f =1 on Fy.

Proof. Let
Vi = FY.

We can find an open set V% containing Fj and whose closure is contained in V7,
since we can choose V% disjoint from an open set containing Fj. So we have

Fy C Vi, Vchl.

Applying our normality assumption to the sets Fy and Vi we can find an open
- 2

set Vi with Fy C Vi and V% C V% . Similarly, we can find an open set V% with

‘7% C Vi and 7% C V4. So we have

FoCcVi, ViCVi, Vi CVs, Va CV; =Ff.
4 4 2 2 4 4

Continuing in this way, for each 0 < r < 1 where r is a dyadic rational, r = m/2F
we produce an open set V. with Fy C V. and V. C V; if r < s, including

V. C V4 = Ff. Define f as follows: Set f(x) = 1 for x € Fy. Otherwise, define
f(z) = inf{r|z € V,.}.
So f =0 on Fy.
If 0 < b <1, then f(z) < b means that z € V,. for some r < b. Thus
) =J v
r<b

This is a union of open sets, hence open. Similarly, f(z) > a means that there
is some r > a such that ¢ V,.. Thus

S ) = | J ),

also a union of open sets, hence open. So we have shown that

f7H0,0)) and  f7((a,1])

are open. Hence f~1((a,b)) is open. Since the intervals [0,b), (a,1] and (a,b)
form a basis for the open sets on the interval [0, 1], we see that the inverse image
of any open set under f is open, which says that f is continuous. QED

We will have several occasions to use this result.
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1.15 The Stone-Weierstrass theorem.

This is an important generalization of Weierstrass’s theorem which asserted that
the polynomials are dense in the space of continuous functions on any compact
interval, when we use the uniform topology. We shall have many uses for this
theorem.

An algebra A of (real valued) functions on a set S is said to separate points
if for any p,q € S, p # g there is an f € A with f(p) # f(q)-

Theorem 1.15.1 [Stone-Weierstrass.] Let S be a compact space and A an
algebra of continuous real valued functions on S which separates points. Then
the closure of A in the uniform topology is either the algebra of all continuous
functions on S, or is the algebra of all continuous functions on S which all
vanish at a single point, call it x.

We will give two different proofs of this important theorem. For our first proof,
we first state and prove some preliminary lemmas:

Lemma 1.15.1 An algebra A of bounded real valued functions on a set S which
is closed in the uniform topology is also closed under the lattice operations V and
A.

Proof. Since fVg=3(f+g+|f—g))and fAg=3(f+g—I|f —g]) we
must show that
feA =|fle A

Replacing f by f/||f|lcc we may assume that
Ifl <1

The Taylor series expansion about the point % for the function ¢ — (¢t + 62)%
converges uniformly on [0, 1]. So there exists, for any € > 0 there is a polynomial
P such that

|P(2®) — (22 + €2)7| <€ on [~1,1].

Let
Q:=P— P(0).
We have |P(0) — €| < € so
|P(0)| < 2e.
So Q(0) = 0 and
Q(a?) — (2 + %) 7] < 3e.
But
1
(22 + ¥z —|z| <e

for small €. So
|Q(2%) — |z| | <4e on [0,1].
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As @ does not contain a constant term, and A is an algebra, Q(f?) € A for any
f € A. Since we are assuming that |f| < 1 we have

Q(f*) €A, and [|Q(f*) = If] oo < 4e.

Since we are assuming that A is closed under || - ||ooc we conclude that |f| € A
completing the proof of the lemma.

Lemma 1.15.2 Let A be a set of real valued continuous functions on a compact
space S such that

fhgeA= fAhgeA and fVvge A

Then the closure of A in the uniform topology contains every continuous function
on S which can be approximated at every pair of points by a function belonging
to A.

Proof. Suppose that f is a continuous function on S which can be approxi-
mated at any pair of points by elements of A. So let p,q € S and € > 0, and let
fp,q.c € A be such that

|f(p) — fp,q,e(p)| <e |flg) — fp,q,e(Q)| <e

Let

Up,ge = {2 fpg.e(®) < f(x) + €}, Vipge = {2[fpg.e(x) > f(z) €}

Fix g and €. The sets Uy, 4, cover S as p varies. Hence a finite number cover S
since we are assuming that S is compact. We may take the minimum f, . of the
corresponding finite collection of f, ;.. The function f, . has the property that

fae(@) < f(z) +€

and
fae(x) > f(z) —€
for
T € ﬂ Vi.a,e
p

where the intersection is again over the same finite set of p’s. We have now
found a collection of functions f; . such that

fae < f+e

and f; > f—eonsome neighborhood V; . of g. We may choose a finite number
of g so that the V; . cover all of S. Taking the maximum of the corresponding
fq,c gives a function fe € Awith f —e< f < f+e¢, ie.

1f = felle <.
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Since we are assuming that A is closed in the uniform topology we conclude
that f € A, completing the proof of the lemma.

Proof of the Stone-Weierstrass theorem. Suppose first that for every
x € S there is a g € A with g(z) # 0. Let x # y and h € A with h(y) # 0.
Then we may choose real numbers ¢ and d so that f = cg + dh is such that

0# f(z) # fly) # 0.

Then for any real numbers a and b we may find constants A and B such that
Af(x) + Bf*(z) =a and Af(y) + Bf*(y) = b.

We can therefore approximate (in fact hit exactly on the nose) any function at
any two distinct points. We know that the closure of A is closed under VvV and
A by the first lemma. By the second lemma we conclude that the closure of A
is the algebra of all real valued continuous functions.

The second alternative is that there is a point, call it po, at which all f € A
vanish. We wish to show that the closure of A contains all continuous functions
vanishing at p... Let B be the algebra obtained from A by adding the constants.
Then B satisfies the hypotheses of the Stone-Weierstrass theorem and contains
functions which do not vanish at p,. so we can apply the preceding result. If
g is a continuous function vanishing at p., we may, for any € > 0 find an f € A
and a constant ¢ so that

lg = (F +)lloe < 5-

Evaluating at p.o gives |c| < €/2. So

g — fllo <e

QED
The reason for the apparently strange notation po, has to do with the notion
of the one point compactification of a locally compact space. A topological space
S is called locally compact if every point has a closed compact neighborhood.
We can make S compact by adding a single point. Indeed, let po, be a point
not belonging to S and set
Seo := 5 U Poo-

We put a topology on S, by taking as the open sets all the open sets of S
together with all sets of the form

O Ups

where O is an open set of S whose complement is compact. The space Sy is
compact, for if we have an open cover of S, at least one of the open sets in
this cover must be of the second type, hence its complement is compact, hence
covered by finitely many of the remaining sets. If S itself is compact, then
the empty set has compact complement, hence p,, has an open neighborhood
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disjoint from S, and all we have done is add a disconnected point to S. The
space S is called the one-point compactification of S. In applications of
the Stone-Weierstrass theorem, we shall frequently have to do with an algebra
of functions on a locally compact space consisting of functions which “vanish
at infinity” in the sense that for any € > 0 there is a compact set C' such that
|f| < € on the complement of C. We can think of these functions as being
defined on S, and all vanishing at p..
We now turn to a second proof of this important theorem.

1.16 Machado’s theorem.

Let M be a compact space and let Cx(M) denote the algebra of continuous
real valued functions on M. We let || - || = || - ||co denote the uniform norm on
Cr(M). More generally, for any closed set F' C M, we let

IfllF = sup |f(z)]
zEF

so |-l =1-llrm-

If A C Cr(M) is a collection of functions, we will say that a subset £ C M
is a level set (for A) if all the elements of A are constant on the set E. Also,
for any f € Cr(M) and any closed set F' C M, we let

ds(F) = int,[If gl

So d¢(F') measures how far f is from the elements of A on the set F. (I have
suppressed the dependence on A in this notation.) We can look for “small”
closed subsets which measure how far f is from A on all of M; that is we look
for closed sets with the property that

df(E) = df(M). (13)

Let F denote the collection of all non-empty closed subsets of M with this
property. Clearly M € F so this collection is not empty. We order F by the
reverse of inclusion: Fy} < Fy if F} D Fy. Let C be a totally ordered subset
of F. Since M is compact, the intersection of any nested family of non-empty
closed sets is again non-empty. We claim that the intersection of all the sets in
C belongs to F, i.e. satisfies (1.3). Indeed, since d¢(F) = ds(M) for any F € C
this means that for any g € A, the sets

{z € Fl[f(x) — g(x)| = d;((M))}

are non-empty. They are also closed and nested, and hence have a non-empty
intersection. So on the set
E=(F

FecC

we have

If = glle = df(M).
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So every chain has an upper bound, and hence by Zorn’s lemma, there exists a
maximum, i.e. there exists a non-empty closed subset E satisfying (1.3) which
has the property that no proper subset of E satisfies (1.3). We shall call such a
subset f-minimal.

Theorem 1.16.1 [Machado.] Suppose that A C Cr(M) is a subalgebra which
contains the constants and which is closed in the uniform topology. Then for
every [ € Cr(M) there exists an A level set satisfying(1.3). In fact, every
f-minimal set is an A level set.

Proof. Let E be an f-minimal set. Suppose it is not an A level set. This
means that there is some h € A which is not constant on A. Replacing h by
ah + ¢ where a and ¢ are constant, we may arrange that

minh =0 and maxh = 1.
zEE z€EE

Let
2 1
EO::{xEE|O§h(w)§§} and E1:{$€E|§§x§1}.

These are non-empty closed proper subsets of E, and hence the minimality of
E implies that there exist gg, g1 € A such that

1f—gollg, <dp(M) —e and ||f —gillg, <df(M) —e€
for some € > 0. Define
hn = (1- h”)Qn and Kk, := hngo + (1 — hy)gr.

Both h,, and k,, belong to A and 0 < h,, < 1 on E, with strict inequality on
EgNE;. At each x € Eg N Ey i we have

(@) = ko (2)] [hn (@) f(2) = hn(2)g0(2) + (1 = hn(2)) f(2) = (1 = hn ()91 ()]
< ha(@If = golllzone, + (L= ha)llf = a1l zonm:
< ha(@)If = golley + (L= n(2)1f = 9a1llE, < dj(M) e

We will now show that h,, — 1 on Ey \ F; and h,, — 0 on E; \ Ey. Indeed, on

Ey \ E; we have
1 n
h < | =
(5)

hn=(1_h")2"21—2"h”21—@) —1

SO

since the binomial formula gives an alternating sum with decreasing terms. On
the other hand,
ho(1+ 0™ =1-1*?" <1

or



32 CHAPTER 1. THE TOPOLOGY OF METRIC SPACES
Now the binomial formula implies that for any integer k£ and any positive number
a we have ka < (1 +a)* or (1 +a)™% <1/(ka). So we have

1
onpn :

hy, <

On Ey \ E7 we have h™ > (%)n so there we have

By < (i) 0.

Thus k, — go uniformly on Fy \ Fy and k, — ¢1 uniformly on E; \ Ey. We
conclude that for n large enough

If = knlle < dp(M)
contradicting our assumption that d¢(E) = dy(M). QED

Corollary 1.16.1 [The Stone-Weierstrass Theorem.] If A is a uniformly
closed subalgebra of Cr (M) which contains the constants and separates points,
then A = Cr(M).

Proof. The only A-level sets are points. But since ||f — f(a)| .3 = 0, we
conclude that dy(M) =0, i.e. f € A for any f € Cr(M). QED

1.17 The Hahn-Banach theorem.

This says:

Theorem 1.17.1 [Hahn-Banach]. Let M be a subspace of a normed linear
space B, and let F be a bounded linear function on M. Then F can be extended
so as to be defined on all of B without increasing its norm.

Proof by Zorn. Suppose that we can prove

Proposition 1.17.1 Let M be a subspace of a normed linear space B, and let
F be a bounded linear function on on M. Lety € B,y & M. Then F can be
extended to M + {y} without changing its norm.

Then we could order the extensions of F' by inclusion, one extension being >
than another if it is defined on a larger space. The extension defined on the
union of any family of subspaces ordered by inclusion is again an extension, and
so is an upper bound. The proposition implies that a maximal extension must
be defined on the whole space, otherwise we can extend it further. So we must
prove the proposition.

I was careful in the statement not to specify whether our spaces are over the
real or complex numbers. Let us first assume that we are dealing with a real
vector space, and then deduce the complex case.
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We want to choose a value
a=F(y)
so that if we then define
F(z+)\y) := F(z) + \F(y) = F(z) + Aa, Yo € M,A€R

we do not increase the norm of F. If FF = 0 we take « = 0. If F # 0, we
may replace F' by F/||F||, extend and then multiply by ||F|| so without loss of
generality we may assume that |F|| = 1. We want to choose the extension to
have norm 1, which means that we want

|F(z) +Aa] < ||z + Ayl VeeMMeR.

If A = 0 this is true by hypothesis. If A # 0 divide this inequality by A and
replace (1/\)z by . We want

|F(z)+a|<|lz+y| VzeM.
We can write this as two separate conditions:
Fzo)+a<||za+y|| Voo e M and —F(z1)—a < |z1+y| Vo, € M.
Rewriting the second inequality this becomes
—F(1) — [y +yll € @ < —F(az) + lo + ]l

The question is whether such a choice is possible. In other words, is the supre-
mum of the left hand side (over all 1 € M) less than or equal to the infimum
of the right hand side (over all xo € M)? If the answer to this question is yes,
we may choose « to be any value between the sup of the left and the inf of the
right hand sides of the preceding inequality. So our question is: Is

) = Fle)| < flez +yll + lzr +yl V2,20 € M?

But 1 — 29 = (z1 + y) — (2 + y) and so using the fact that ||F|| = 1 and the
triangle inequality gives

[F(22) = F(z1)] < [lwe — 2| < oz + yll + lz1 + ]l

This completes the proof of the proposition, and hence of the Hahn-Banach
theorem over the real numbers.

We now deal with the complex case. If B is a complex normed vector
space, then it is also a real vector space, and the real and imaginary parts of a
complex linear function are real linear functions. In other words, we can write
any complex linear function F' as

F(z) = G(x) + iH(z)
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where G and H are real linear functions. The fact that F' is complex linear says
that F(iz) = iF(x) or
G(ix) = —H(z)

or

or

F(z) = G(x) — iG(iz).

The fact that ||F|| = 1 implies that |G| < 1. So we can adjoin the real one
dimensional space spanned by y to M and extend the real linear function to it,
keeping the norm < 1. Next adjoin the real one dimensional space spanned by
1y and extend G to it. We now have G extended to M & Cy with no increase
in norm. Try to define

F(z):= G(z) —iG(iz)

on M @ Cy. This map of M @& Cy — C is R-linear, and coincides with F on
M. We must check that it is complex linear and that its norm is < 1: To check
that it is complex linear it is enough to observe that

F(iz) = G(iz) —iG(—z) = i[G(z) —iG(iz)] = iF ().

To check the norm, we may, for any z, choose 6 so that ¢’ F(2) is real and is
non-negative. Then

|F(2)] = [F ()| = |[F(e"2)] = G(e2) < [le”2]| = |||

so [|F|| <1. QED

Suppose that M is a closed subspace of B and that y ¢ M. Let d denote
the distance of y to M, so that

d:= inf —z|l.
nf [y~ a

Suppose we start with the zero function on M, and extend it first to M @ y by
F(Ay —x) = Ad.
This is a linear function on M + {y} and its norm is < 1. Indeed

IAd] d d
Fll=sup77———=sup —=-=1.
IEl = s s = = 59 = ~

Let M9 be the set of all continuous linear functions on B which vanish on
M. Then, using the Hahn-Banach theorem we get

Proposition 1.17.2 Ify € B and y ¢ M where M is a closed linear subspace
of B, then there is an element F € M° with |[F|| <1 and F(y) # 0. In fact we
can arrange that F(y) = d where d is the distance from y to M.
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We have an embedding
B — B*™ x> 2™ where 2™ (F) := F(z).
The first part of the preceding proposition can be formulated as
(M) = M

if M is a closed subspace of B.
The map x — x** is clearly linear and

2" (F)] = |[F ()] < [ F[[]]=]
Taking the sup of |z**(F)|/||F|| shows that
[l < |

where the norm on the left is the norm on the space B**. On the other hand,
if we take M = {0} in the preceding proposition, we can find an F' € B* with
|IF']l =1 and F(x) = ||z|. For this F' we have |z**(F)| = ||z||. So

™[ = =[]
We have proved

Theorem 1.17.2 The map B — B** given above is a norm preserving injec-
tion.

1.18 The Uniform Boundedness Principle.

Theorem 1.18.1 Let B be a Banach space and {F,} be a sequence of elements
in B* such that for every fixed x € B the sequence of numbers {|F,(x)|} is
bounded. Then the sequence of norms {||F,||} is bounded.

Proof. The proof will be by a Baire category style argument. We will prove

Proposition 1.18.1 There exists some ball B = B(y,r),r > 0 about a point y
with ||y|| < 1 and a constant K such that |F,,(z)] < K for all z € B.

Proof that the proposition implies the theorem. For any z with ||z]] <1
we have

cu=2 (56 )

and r
I3 -yl <r

since ||z — y| < 2.

2K
Fa()] < | Falz =)l + 1Fa(y)l < == + K.
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So ol
[ Fnll < - + K

for all n proving the theorem from the proposition.

Proof of the proposition. If the proposition is false, we can find ny such that
|Fy, (z)| > 1 at some & € B(0,1) and hence in some ball of radius € < 1 about x.
Then we can find an ng with |F,,, ()| > 2 in some non-empty closed ball of radius
< % lying inside the first ball. Continuing inductively, we choose a subsequence
Ny and a family of nested non-empty balls B, with |F,  (z)| > m throughout
B,, and the radii of the balls tending to zero. Since B is complete, there is
a point  common to all these balls, and {|F,(x)|} is unbounded, contrary to
hypothesis. QED

We will have occasion to use this theorem in a “reversed form”. Recall
that we have the norm preserving injection B — B** sending x +— x™* where
z**(F) = F(z). Since B* is a Banach space (even if B is incomplete) we have

Corollary 1.18.1 If {z,} is a sequence of elements in a normed linear space
such that the numerical sequence {|F(x,)|} is bounded for each fized F € B*
then the sequence of norms {||xz,||} is bounded.



Chapter 2

Hilbert Spaces and
Compact operators.

2.1 Hilbert space.

2.1.1 Scalar products.

V' is a complex vector space. A rule assigning to every pair of vectors f,g € V
a complex number (f,g) is called a semi-scalar product if

1. (f,g) is linear in f when g is held fixed.

2. (g9, f) = (f,g). This implies that (f,g) is anti-linear in g when f is held
fixed. In other words. (f,ag+ bh) =a(f,g)+b(f,h). It also implies that

(f, f) is real.
3. (f,f)>0forall feV.
If 3. is replaced by the stronger condition
4. (f, f) > 0 for all non-zero f € V

then we say that (, ) is a scalar product.

Examples.

e V= C", so an element z of V is a column vector of complex numbers:

and (z,w) is given by
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o V consists of all continuous (complex valued) functions on the real line
which are periodic of period 27 and

(9) = 5= [ st

We will denote this space by C(T). Here the letter T stands for the one
dimensional torus, i.e. the circle. We are identifying functions which are
periodic with period 27 with functions which are defined on the circle
R/27Z.

e V consists of all doubly infinite sequences of complex numbers
a=...,a_2,a_-1,00,a1,02,...

which satisfy

Z |a;|? < oo.
(a, b) = Zazgz

All three are examples of scalar products.

Here

2.1.2 The Cauchy-Schwartz inequality.

This says that if ( , ) is a semi-scalar product then

((f,9)| < (f.)%(g.9)%. (2.1)

Proof. For any real number ¢ condition 3. above says that (f —tg, f —tg) > 0.
Expanding out gives

0<(f—tg. f—tg) = (f. f) —tl(f.9) + (9. )] + t*(9,9)-

Since (g, f) = (f, g), the coefficient of ¢ in the above expression is twice the real
part of (f,g). So the real quadratic form

Q(t) == (f. f) — 2Re(f, g)t + t*(g.9)

is nowhere negative. So it can not have distinct real roots, and hence by the
b? — 4ac rule we get

A(Re(f,9))* —4(f. f)(g.9) <0

(Re(f,9))* < (£, )(9,9)- (2.2)

This is useful and almost but not quite what we want. But we may apply this
inequality to h = g for any 6. Then (h,h) = (g, g). Choose 6 so that

(f.9) =re”
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where r = |(f, g)|. Then
(f.h) = (f.e’9) =" (f,9) =1(f.9)]
and the preceding inequality with g replaced by h gives

(£, 9P < (f,/)g.9)

and taking square roots gives (2.1).

2.1.3 The triangle inequality

For any semiscalar product define

11l == (f, £)*

so we can write the Cauchy-Schwartz inequality as

I(F. )l < [ fIHlgll-

The triangle inequality says that

I+ gl < IIF1+ lgll- (2.3)

Proof.

If + gl

(f+g,f+9)

(f, f) +2Re(f,9) + (9,9)

(fs )+ 2 fllllgll + (9.9) by (2.2)
12+ 207 1Mgll + llgll?

= (Il71 + 1lglh?.

Taking square roots gives the triangle inequality (2.3). Notice that
llefll = lelll £1] (2.4)
since (cf,cf) = ce(f, f) = |e[*|| fII*-

Suppose we try to define the distance between two elements of V' by
d(f,9) = = gll
Notice that then d(f, f) =0, d(f,g) = d(g, f) and for any three elements
d(f,h) < d(f,g) +d(g, h)

by virtue of the triangle inequality. The only trouble with this definition is that
we might have two distinct elements at zero distance, i.e. 0 =d(f,g) = || f —g|-
But this can not happen if (, ) is a scalar product, i.e. satisfies condition 4.

IA
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A complex vector space V endowed with a scalar product is called a pre-
Hilbert space.

Let V be a complex vector space and let || - || be a map which assigns to any
f € V a non-negative real || f|| number such that || f|| > 0 for all non-zero f. If
|l -] satisfies the triangle inequality (2.3) and equation (2.4) it is called a norm.
A vector space endowed with a norm is called a normed space. The pre-Hilbert
spaces can be characterized among all normed spaces by the parallelogram law
as we will discuss below.

Later on, we will have to weaken condition (2.4) in our general study. But
it is too complicated to give the general definition right now.

2.1.4 Hilbert and pre-Hilbert spaces.

The reason for the prefix “pre” is the following: The distance d defined above
has all the desired properties we might expect of a distance. In particular, we
can define the notions of “limit” and of a “Cauchy sequence” as is done for the
real numbers: If f, is a sequence of elements of V', and f € V we say that f is
the limit of the f, and write

lim fn:f7 or fn_’f

n—oo

if, for any positive number € there is an N = N(e) such that
d(fn, f) <e foralln> N.

If a sequence converges to some limit f, then this limit is unique, since any
limits must be at zero distance and hence equal.
We say that a sequence of elements is Cauchy if for any § > 0 there is an
K = K () such that
A(fms fr) <6 VY,m,n > K.

If the sequence f,, has a limit, then it is Cauchy - just choose K (§) = N(56)
and use the triangle inequality.

But it is quite possible that a Cauchy sequence has no limit. As an example
of this type of phenomenon, think of the rational numbers with |r — s| as the
distance. The whole point of introducing the real numbers is to guarantee that
every Cauchy sequence has a limit.

So we say that a pre-Hilbert space is a Hilbert space if it is “complete” in
the above sense - if every Cauchy sequence has a limit.

Since the complex numbers are complete (because the real numbers are),
it follows that C™ is complete, i.e. is a Hilbert space. Indeed, we can say
that any finite dimensional pre-Hilbert space is a Hilbert space because it is
isomorphic (as a pre-Hilbert space) to C™ for some n. (See below when we
discuss orthonormal bases.)

The trouble is in the infinite dimensional case, such as the space of continuous
periodic functions. This space is not complete. For example, let f,, be the
function which is equal to one on (—7 + %, —%), equal to zero on (%,77 - %)
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and extended linearly —% to % and from 7 — % tom+ % so as to be continuous
and then extended so as to be periodic.(Thus on the interval (7 — %, ™+ %) the
function is given by f,(z) = 2(x — (7 — £).) If m < n, the functions f,, and f,
agree outside two intervals of length 2 and on these intervals | f,,(z) — fn(2)] <
1. So || fm — fall* € 5= - 2/m showing that the sequence {f,} is Cauchy. But
the limit would have to equal one on (—m,0) and equal zero on (0,7) and so
be discontinuous at the origin and at 7. Thus the space of continuous periodic
functions is not a Hilbert space, only a pre-Hilbert space.

But just as we complete the rational numbers (by throwing in “ideal” el-
ements) to get the real numbers, we may similarly complete any pre-Hilbert
space to get a unique Hilbert space. See the section Completion in the chapter
on metric spaces for a general discussion of how to complete any metric space.
In particular, the completion of any normed vector space is a complete normed
vector space. A complete normed space is called a Banach space. The general
construction implies that any normed vector space can be completed to a Ba-
nach space. From the parallelogram law discussed below, it will follow that the
completion of a pre-Hilbert space is a Hilbert space.

The completion of the space of continuous periodic functions will be denoted

2.1.5 The Pythagorean theorem.
Let V be a pre-Hilbert space. We have

1f +gll* = IFI* + 2Re(f, 9) + llgl*-

So
If+gl? = 1£17+lgl?> & Re(f,9)=0. (2.5)

‘We make the definition

flg e (fig)=0

and say that f is perpendicular to g or that f is orthogonal to g. Notice that
this is a stronger condition than the condition for the Pythagorean theorem,
the right hand condition in (2.5). For example ||f +if[|? = 2|/ f||*> but (f,if) =

—i|| fII* # 0 if || f]| # 0.
If u; is some finite collection of mutually orthogonal vectors, then so are z;u;
where the z; are any complex numbers. So if

u = Z Z;U;
i
then by the Pythagorean theorem

lal® = L=l a1
A
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In particular, if the u; # 0, then © = 0 = z; = 0 for all 4. This shows that any
set of mutually orthogonal (non-zero) vectors is linearly independent.
Notice that the set of functions

em@

is an orthonormal set in the space of continuous periodic functions in that not
only are they mutually orthogonal, but each has norm one.

2.1.6 The theorem of Apollonius.
Adding the equations

If+9l> = [fII*+2Re (f.9) +lg]? (2.6)

If=gll> = IfII* = 2Re (f.9) + llg]I* (2.7)
gives

1f+ gl +1f = al* =2 (11> + llgl?) - (2.8)

This is known as the parallelogram law. It is the algebraic expression of the
theorem of Apollonius which asserts that the sum of the areas of the squares on
the sides of a parallelogram equals the sum of the areas of the squares on the
diagonals.

If we subtract (2.7) from (2.6

~~

we get

Re(f,g9) =7 (If + 9> = If = gl*) - (2.9)

Now (va g) = i(f?.g) and Re {Z(fhg)} = _Im(f’ g) SO

o~ =

SO
(fr9) = i (1f + gl = I = g +illf +igll* = illf —igll?) - (2.10)

If we now complete a pre-Hilbert space, the right hand side of this equation
is defined on the completion, and is a continuous function there. It therefore
follows that the scalar product extends to the completion, and, by continuity,
satisfies all the axioms for a scalar product, plus the completeness condition for
the associated norm. In other words, the completion of a pre-Hilbert space is a
Hilbert space.

2.1.7 The theorem of Jordan and von Neumann.

This is essentially a converse to the theorem of Apollonius. It says that if || - ||
is a norm on a (complex) vector space V which satisfies (2.8), then V is in fact
a pre-Hilbert space with | f||? = (f, f). If the theorem is true, then the scalar
product must be given by (2.10). So we must prove that if we take (2.10) as the
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definition, then all the axioms on a scalar product hold. The easiest axiom to
verify is

(ga.f) = (fvg)'

Indeed, the real part of the right hand side of (2.10) is unchanged under the

interchange of f and g (since g— f = —(f —g) and || — h|| = ||h|| for any h is one

of the properties of a norm). Also g+if =i(f —ig) and ||ih|| = ||| so the last

two terms on the right of (2.10) get interchanged, proving that (g, f) = (f, g).
It is just as easy to prove that

(if,9) =i(f,9)

Indeed replacing f by if sends ||f + ig||? into ||if +ig||* = || f + ¢* and sends
If + gll* into [[if + gl = i(f —ig)I* = |f — igll* = i(=illf —ig||*) so has the
effect of multiplying the sum of the first and fourth terms by i, and similarly
for the sum of the second and third terms on the right hand side of (2.10).

Now (2.10) implies (2.9). Suppose we replace f, g in (2.8) by f1 + g, f2 and
by fi — g, f2 and subtract the second equation from the first. We get

lfi+fot+glP=fi+fo—glP+fi—Ffot+gl?>=Ifi— fo—gl?

=2(lfr+91* = lfr - 9lI*)
In view of (2.9) we can write this as
Re (fi + f2.9) + Re (f1 — f2,9) = 2Re (f1.9). (2.11)

Now the right hand side of (2.9) vanishes when f = 0 since ||g|| = || — g||. So if
we take f1 = fo = f in (2.11) we get

Re (2f,9) = 2Re (f,9)-

We can thus write (2.11) as

Re (f1 + f2,9) + Re (f1 — f2,9) = Re (2f1,9).
In this equation make the substitutions

1

fi— %(fl +f2), far §(f1 — fa).

This yields
Re (fl + f27g) = Re (fl?g) + Re (f?vg)
Since it follows from (2.10) and (2.9) that

(f7g) = Re (fag)sze (Zfag)

we conclude that

(fi+ f2,9) = (f1,9) + (f2,9)-
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Taking f; = — fo shows that
(=f,9)=—(f.9)

Consider the collection C of complex numbers a which satisfy

(af,9) = a(f,9)
(for all f,g). We know from (f1 + f2,9) = (f1,9) + (f2,9) that
a,8eC=a+peC.
So C contains all integers. If 0 # 3 € C then

(f,9)=(B-1/8)f.g9)=p(1/8)f 9)

so 371 € C. Thus C contains all (complex) rational numbers. The theorem
will be proved if we can prove that (af, g) is continuous in . But the triangle
inequality

1f+ gl < IIf11+ gl

applied to f = fo,9 = f1 — fo implies that
Il < M1fr = fall + [ f2l

or
1fill = Il f2ll < I f2 = fall-
Interchanging the role of f; and fo gives

LAl =20l T < L = fal-

Therefore
| lef £gll = I1Bf £gll | < [[(a = B)f]]-

Since ||(aw — B)f|| — 0 as a — (3 this shows that the right hand side of (2.10)
when applied to af and g is a continuous function of aw. Thus C = C. We have
proved

Theorem 2.1.1 [P. Jordan and J. von Neumann] If V is a normed space
whose norm satisfies (2.8) then V is a pre-Hilbert space.

Notice that the condition (2.8) involves only two vectors at a time. So we
conclude as an immediate consequence of this theorem that

Corollary 2.1.1 A normed vector space is pre-Hilbert space if and only if every
two dimensional subspace is a Hilbert space in the induced norm.

Actually, a weaker version of this corollary, with two replaced by three had
been proved by Fréchet, Annals of Mathematics, July 1935, who raised the
problem of giving an abstract characterization of those norms on vector spaces
which come from scalar products. In the immediately following paper Jordan
and von Neumann proved the theorem above leading to the stronger corollary
that two dimensions suffice.
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2.1.8 Orthogonal projection.

We continue with the assumption that V is pre-Hilbert space. If A and B are
two subsets of V', we write A 1. Bifu € A and v € B = u L v, in other words
if every element of A is perpendicular to every element of B. Similarly, we will
write v L A if the element v is perpendicular to all elements of A. Finally, we
will write A+ for the set of all v which satisfy v L. A. Notice that AL is always
a linear subspace of V, for any A.

Now let M be a (linear) subspace of V. Let v be some element of V', not
necessarily belonging to M. We want to investigate the problem of finding a
w € M such that (v —w) L M. Of course, if v € M then the only choice is to
take w = v. So the interesting problem is when v ¢ M. Suppose that such a w
exists, and let « be any (other) point of M. Then by the Pythagorean theorem,

lv =2l = (v = w) + (w = 2)|* = [lv — w||* + [Jw — 2
since (v —w) L M and (w —x) € M. So
[o —w| <flv—z|

and this inequality is strict if  # w. In words: if we can find a w € M such
that (v — w) L M then w is the unique solution of the problem of finding the
point in M which is closest to v. Conversely, suppose we found a w € M which
has this minimization property, and let z be any element of M. Then for any
real number ¢ we have

lv = wll* < (v = w) + tal|* = v — w]|* + 2tRe (v — w, ) + ¢*||]|*.

Since the minimum of this quadratic polynomial in ¢ occurring on the right is
achieved at t = 0, we conclude (by differentiating with respect to ¢ and setting
t = 0, for example) that

Re (v —w,x) = 0.

By our usual trick of replacing by ez we conclude that
(v—w,z) =0.

Since this holds for all x € M, we conclude that (v —w) L M. So to find w we
search for the minimum of ||v — z||, z € M.

Now ||[v — z|| > 0 and is some finite number for any 2 € M. So there will be
some real number m such that m < |jv—z|| for z € M, and such that no strictly
larger real number will have this property. (m is known as the “greatest lower
bound” of the values ||[v — z||, € M.) So we can find a sequence of vectors
z, € M such that

[o =@ — m.

We claim that the x,, form a Cauchy sequence. Indeed,

lzi = 51* = lI(v = 2;) — (v = z)|”
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and by the parallelogram law this equals
2 (Il = ll* + llv — 2;01%) = |20 = (2 + z5)]1*.
Now the expression in parenthesis converges to 2m?. The last term on the right
is
1 2
—2(v = 5 (@i + 25)II°.
Since %(:vz +x;)€ M, we conclude that

120 — (2 + ;) ]|* > 4m?

SO

T; — T 2 < 4(m+€)? — 4m?
[ il

for ¢ and j large enough that ||v — z;|] < m + € and |jv — x;|| < m + €. This
proves that the sequence z,, is Cauchy.

Here is the crux of the matter: If M is complete, then we can conclude that
the x,, converge to a limit w which is then the unique element in M such that
(v—w) L M. It is at this point that completeness plays such an important role.

Put another way, we can say that if M is a subspace of V' which is complete
(under the scalar product ( , ) restricted to M) then we have the orthogonal
direct sum decomposition

V=MaoM,

which says that every element of V' can be uniquely decomposed into the sum
of an element of M and a vector perpendicular to M.

For example, if M is the one dimensional subspace consisting of all (complex)
multiples of a non-zero vector y, then M is complete, since C is complete. So
w exists. Since all elements of M are of the form ay, we can write w = ay for
some complex number a. Then (v — ay,y) =0 or

(v,y) = ally|]?

SO
(v,y)
[ly]I2

We call a the Fourier coeflicient of v with respect to y. Particularly useful is
the case where ||y|| = 1 and we can write

a=(v,y). (2.12)

Getting back to the general case, if V = M @ M~ holds, so that to every v
there corresponds a unique w € M satisfying (v — w) € M~ the map v +— w is
called orthogonal projection of V' onto M and will be denoted by ;.
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2.1.9 The Riesz representation theorem.
Let V and W be two complex vector spaces. A map
T:V-W

is called linear if

Tz + py) =XT(x) +pT(Y) Va,yeV, \ueC
and is called anti-linear if

Tz +py) = NT(x) +aT(Y) Vaz,yeV \puecC.
If £: V — C is a linear map, (also known as a linear function) then

ker £ := {z € V| {(z) =0}

has codimension one (unless £ = 0). Indeed, if

ly) #0

then
(x) =1 where z = ﬂy
and for any z € V,
2z —L(2)x € ker L.

If V' is a normed space and ¢ is continuous, then ker (¢) is a closed subspace.
The space of continuous linear functions is denoted by V*. It has its own norm
defined by

el == sup  [£(2)|/[l]-
z€V, ]| #0

Suppose that H is a pre-hilbert space. Then we have an antilinear map

¢:H— H*, (6(9)(f) = (f,9)-

The Cauchy-Schwartz inequality implies that

o)l < gl
and in fact

(9,9) = llgll®
shows that

o)l = llgll-

In particular the map ¢ is injective.
The Riesz representation theorem says that if H is a Hilbert space, then this
map is surjective:
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Theorem 2.1.2 Every continuous linear function on H is given by scalar prod-
uct by some element of H.

The proof is a consequence of the theorem about projections applied to
N :=ker {:

If ¢/ = 0 there is nothing to prove. If £ # 0 then N is a closed subspace of
codimension one. Choose v € N. Then there is an z € N with (v—xz) L N. Let

R T
Then
y Ll N
and
lyll = 1.
For any f € H,
[f = (fwyl Ly
S0
f=(fy)yeN
or
((f) = (f,)y),
so if we set
9=y
then
(f,9) = €(f)

for all f € H. QED

2.1.10 What is Ly(T)?

We have defined the space L?(T) to be the completion of the space C(T) under
the Ly norm || f|l2 = (f, f)2. In particular, every linear function on C(T) which
is continuous with respect to the this L, norm extends to a unique continuous
linear function on Ly(T). By the Riesz representation theorem we know that
every such continuous linear function is given by scalar product by an element of
Lo(T). Thus we may think of the elements of Lo(T) as being the linear functions
on C(T) which are continuous with respect to the Ly norm. An element of Ly (T)
should not be thought of as a function, but rather as a linear function on the
space of continuous functions relative to a special norm - the Ly norm.
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2.1.11 Projection onto a direct sum.

Suppose that the closed subspace M of a pre-Hilbert space is the orthogonal
direct sum of a finite number of subspaces

M= M,

meaning that the M; are mutually perpendicular and every element x of M can
be written as

szxi, x; € M;.

(The orthogonality guarantees that such a decomposition is unique.) Suppose
further that each M; is such that the projection mys, exists. Then 7y, exists

and
v (v) = Zﬂ'M,i(U). (2.13)

Proof. Clearly the right hand side belongs to M. We must show v— )" 7, (v)
is orthogonal to every element of M. For this it is enough to show that it is
orthogonal to each M since every element of M is a sum of elements of the M;.
So suppose x; € M;. But (mp,v,2;) =0if ¢ # j. So

(v = mar, (v),2;) = (v =7, (v),2;) =0

by the defining property of my;.

2.1.12 Projection onto a finite dimensional subspace.

We now will put the equations (2.12) and (2.13) together: Suppose that M is
a finite dimensional subspace with an orthonormal basis ¢;. This implies that
M is an orthogonal direct sum of the one dimensional spaces spanned by the ¢;
and hence ), exists and is given by

(V) = Zaiqbi where a; = (v, ¢;). (2.14)

2.1.13 Bessel’s inequality.

We now look at the infinite dimensional situation and suppose that we are given
an orthonormal sequence {¢;}$°. Any v € V has its Fourier coefficients

a; = (Uv ¢z)

relative to the members of this sequence. Bessel’s inequality asserts that
o0
D lail® < ol (2.15)
1

in particular the sum on the left converges.
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Proof. Let
vn =Y aidi,
i=1

so that v, is the projection of v onto the subspace spanned by the first n of the
¢;. In any event, (v — v,) L v, so by the Pythagorean Theorem

n
oIl = o = vall? + loall® = o = vall? + 3 Jasl?.
=1

This implies that
n
D lail® < flolf?
i=1

and letting n — oo shows that the series on the left of Bessel’s inequality
converges and that Bessel’s inequality holds.

2.1.14 Parseval’s equation.

Continuing the above argument, observe that
lo = vall® =0 & Y Jail® = Jlo]|*.

But ||v —v,||? — 0 if and only if |[v — v,|| — 0 which is the same as saying that
v, — v. But v, is the n-th partial sum of the series 3 a;¢;, and in the language
of series, we say that a series converges to a limit v and write Y a;¢; = v if and
only if the partial sums approach v. So

Y agi=v Z\ai|2:||v||2. (2.16)

In general, we will call the series ), a;¢; the Fourier series of v (relative
to the given orthonormal sequence) whether or not it converges to v. Thus
Parseval’s equality says that the Fourier series of v converges to v if and only if

> lail* = [|v]]*.

2.1.15 Orthonormal bases.

We still suppose that V is merely a pre-Hilbert space. We say that an orthonor-
mal sequence {¢;} is a basis of V if every element of V' is the sum of its Fourier
series. For example, one of our tasks will be to show that the exponentials
{einzloc form a basis of C(T).

If the orthonormal sequence ¢; is a basis, then any v can be approximated
as closely as we like by finite linear combinations of the ¢;, in fact by the partial
sums of its Fourier series. We say that the finite linear combinations of the ¢;
are dense in V. Conversely, suppose that the finite linear combinations of the
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¢; are dense in V. This means that for any v and any ¢ > 0 we can find an n
and a set of n complex numbers b; such that

o= bigill <.

But we know that v, is the closest vector to v among all the linear combinations
of the first n of the ¢;. so we must have

lv — v, <e.

But this says that the Fourier series of v converges to v, i.e. that the ¢; form
a basis. For example, we know from Fejer’s theorem that the exponentials e?*®
are dense in C(T). Hence we know that they form a basis of the pre-Hilbert
space C(T). We will give some alternative proofs of this fact below.

In the case that V is actually a Hilbert space, and not merely a pre-Hilbert
space, there is an alternative and very useful criterion for an orthonormal se-
quence to be a basis: Let M be the set of all limits of finite linear combinations of
the ¢;. Any Cauchy sequence in M converges (in V') since V' is a Hilbert space,
and this limit belongs to M since it is itself a limit of finite linear combinations
of the ¢; (by the diagonal argument for example). Thus V = M @& M=, and
the ¢; form a basis of M. So the ¢; form a basis of V if and only if M+ = {0}.
But this is the same as saying that no non-zero vector is orthogonal to all the
¢;. So we have proved

Proposition 2.1.1 In a Hilbert space, the orthonormal set {¢;} is a basis if
and only if mo non-zero vector is orthogonal to all the ¢;.

2.2 Self-adjoint transformations.

We continue to let V' denote a pre-Hilbert space. Let T be a linear transfor-
mation of V into itself. This means that for every v € V the vector Tv € V
is defined and that Tv depends linearly on v : T'(av + bw) = aTv + bTw for
any two vectors v and w and any two complex numbers a and b. We recall
from linear algebra that a non-zero vector v is called an eigenvector of 1" if Tv
is a scalar times v, in other words if Tv = Av where the number ) is called the
corresponding eigenvalue.

A linear transformation 7" on V is called symmetric if for any pair of
elements v and w of V we have

(Tv,w) = (v, Tw).

Notice that if v is an eigenvector of a symmetric transformation 7" with
eigenvalue A, then

Av,v) = (A, v) = (Tv,v) = (v, Tv) = (v, ) = A(v,v),

so A = \. In other words, all eigenvalues of a symmetric transformation are
real.
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We will let S = S(V') denote the “unit sphere” of V, i.e. S denotes the set
of all ¢ € V such that ||¢| = 1. A linear transformation T is called bounded
if ||T¢| is bounded as ¢ ranges over all of S. If T is bounded, we let

T := Toll.
17| glgg” ¢l

Then
1 To]| < || T][||v]l

for all v € V. A linear transformation on a finite dimensional space is automat-
ically bounded, but not so for an infinite dimensional space.
Also, for any linear transformation 7', we will let N(T') denote the kernel of
T, so
NT)={veV|Tv=0}

and R(T') denote the range of T', so
R(T) := {v|Jv =Tw for some w € V}.

Both N(T') and R(T) are linear subspaces of V.

For bounded transformations, the phrase “self-adjoint” is synonymous with
“symmetric”. Later on we will need to study non-bounded (not everywhere
defined) symmetric transformations, and then a rather subtle and important
distinction will be made between self-adjoint transformations and those which
are merely symmetric. But for the rest of this section we will only be con-
sidering bounded linear transformations, and so we will freely use the phrase
“self-adjoint”, and (usually) drop the adjective “bounded” since all our trans-
formations will be assumed to be bounded.

We denote the set of all (bounded) self-adjoint transformations by A, or by
A(V) if we need to make V' explicit.

2.2.1 Non-negative self-adjoint transformations.

If T is a self-adjoint transformation, then

(Tv,v) = (v,Tv) = (Tv,v)

so (Tw,v) is always a real number. More generally, for any pair of elements v
and w,
(Tv,w) = (Tw,v).

Since (Tw,w) depends linearly on v for fixed w, we see that the rule which
assigns to every pair of elements v and w the number (T, w) satisfies the first
two conditions in our definition of a semi-scalar product. Since (T'w,v) might
be negative, condition 3. of the definition need not be satisfied. This leads to
the following definition:

A self-adjoint transformation T is called non-negative if

(Tv,v) >0 YveVW
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So if T is a non-negative self-adjoint transformation, then the rule which
assigns to every pair of elements v and w the number (Tv,w) is a semi-scalar
product to which we may apply the Cauchy-Schwartz inequality and conclude
that

|(Tv,w)| < (Tv,v)? (Tw,w)?.

Now let us assume in addition that 7" is bounded with norm ||T'||. Let us take
w = Tv in the preceding inequality. We get

|Tv||? = |(Tw, Tv)| < (T, v)* (TTv, Tv)?.

Now apply the Cauchy-Schwartz inequality for the original scalar product to
the last factor on the right:

(TTw, Tv)z < [|TTo|z|[Tv|[> < T[> |[Tof[2[[Tv[|z = |[T][ITv],

where we have used the defining property of ||T'|| in the form | TTv|| < || T||||Tv]|.
Substituting this into the previous inequality we get

Lot
|IT0]|* < (Tw,0)2||T|Z | T].
If || Tv|| # 0 we may divide this inequality by ||Tv|| to obtain
ITell < IT)% (To,0)%. (2.17)
This inequality is clearly true if ||Tw|| = 0 and so holds in all cases.

We will make much use of this inequality. For example, it follows from (2.17)
that

(Tv,v) =0 = Tv=0. (2.18)

It also follows from (2.17) that if we have a sequence {v,} of vectors with
(Tvp, vy,) — 0 then ||Tv,|| — 0 and so

(Tvn,v,) =0 = Tov, — 0. (2.19)
Notice that if T'is a bounded self adjoint transformation, not necessarily non-

negative, then I — T is a non-negative self-adjoint transformation if r > |7
Indeed,

((rf =T)v,v) =r(v,v) = (Tw,v) = (r — | T])(v,v) = 0
since, by Cauchy-Schwartz,
(Tw,v) < |[(Tw, )] < | Tolllloll < 1T [ol* = [1T](v, v).

So we may apply the preceding results to rI — T.
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2.3 Compact self-adjoint transformations.

We say that the self-adjoint transformation 7' is compact if it has the following
property: Given any sequence of elements u,, € S, we can choose a subsequence
Up, such that the sequence T'u,,, converges to a limit in V.

Some remarks about this complicated looking definition: In case V is finite
dimensional, every linear transformation is bounded, hence the sequence Tu.,
lies in a bounded region of our finite dimensional space, and hence by the com-
pleteness property of the real (and hence complex) numbers, we can always find
such a convergent subsequence. So in finite dimensions every T is compact.
More generally, the same argument shows that if R(T") is finite dimensional and
T is bounded then T is compact. So the definition is of interest essentially in
the case when R(T) is infinite dimensional.

Also notice that if T' is compact, then T is bounded. Otherwise we could
find a sequence w,, of elements of S such that || Tu,|| > n and so no subsequence
Tu,, can converge.

We now come to the key result which we will use over and over again:

Theorem 2.3.1 Let T be a compact self-adjoint operator. Then R(T) has an
orthonormal basis {¢;} consisting of eigenvectors of T and if R(T) is infinite
dimensional then the corresponding sequence {r,} of eigenvalues converges to

0.

Proof. We know that T is bounded. If T = 0 there is nothing to prove. So
assume that T #£ 0 and let
mq = ||T|| > 0.

By the definition of ||T'|| we can find a sequence of vectors u, € S such that
ITu,|| — ||T|]. By the definition of compactness we can find a subsequence
of this sequence so that Tu,, — w for some w € V. On the other hand, the
transformation 72 is self-adjoint and bounded by ||T'||?. Hence ||T||2I — T? is
non-negative, and

(TP = T*)un, wn) = TN = | Tun| — 0.
So we know from (2.19) that
1T wn — T?u, — 0.
Passing to the subsequence we have T?u,,, = T(Tu,,) — Tw and so
T\, — Tw

or

Applying T to this we get
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or
T?w = miw.

Also |[w| = ||T|| = m1 # 0. So w # 0. So w is an eigenvector of T? with
eigenvalue m?. We have

0= (T? —mHw = (T +m)(T —m1)w.

If (T —mi)w = 0, then w is an eigenvector of T' with eigenvalue m; and we
normalize by setting

1
d)l = mw
Then ||¢1]] = 1 and
T =mi¢r.

If (T — my)w # 0 then y := (T — my)w is an eigenvector of T with eigenvalue
—my and again we normalize by setting

1
Iyl

So we have found a unit vector ¢y € R(T) which is an eigenvector of T with
eigenvalue r|1 = +m;.
Now let

¢

Vy = ¢
If (w, ¢1) = 0, then

(Tw, 1) = (w,Th1) = r1(w, 1) = 0.

In other words,
T(Va) C Va

and we can consider the linear transformation 7" restricted to V5 which is again
compact. If we let my denote the norm of the linear transformation 7" when
restricted to V5 then mo < m; and we can apply the preceding procedure to
find a unit eigenvector ¢o with eigenvalue £ms.

We proceed inductively, letting

Vn = {¢1a ceey Qz)n—l}L

and find an eigenvector ¢,, of T restricted to V,, with eigenvalue +m,, # 0 if the
restriction of T to V,, is not zero. So there are two alternatives:

e after some finite stage the restriction of T' to V;, is zero. In this case R(T')
is finite dimensional with orthonormal basis ¢1,..., ¢,—1. Or

e The process continues indefinitely so that at each stage the restriction of
T to V,, is not zero and we get an infinite sequence of eigenvectors and
eigenvalues r; with |r;| > |ri11].
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The first case is one of the alternatives in the theorem, so we need to look at
the second alternative.

We first prove that |r,| — 0. If not, there is some ¢ > 0 such that |r,| > ¢ for
all n (since the |r,| are decreasing). If i # j,then by the Pythagorean theorem
we have

IT¢s — Tojll* = llrsci — 751" = rillall® + 7310511
Since ||¢;|| = ||¢;] = 1 this gives
[T¢; — Tosl|> =y + 17 > 2%

Hence no subsequence of the T'¢; can converge, since all these vectors are at
least a distance cv/2 apart. This contradicts the compactness of T'.

To complete the proof of the theorem we must show that the ¢; form a basis
of R(T). So if w = Tv we must show that the Fourier series of w with respect
to the ¢; converges to w. We begin with the Fourier coefficients of v relative to
the ¢; which are given by

ap = (Ua ¢n)

Then the Fourier coefficients of w are given by
bi = (w,¢;) = (Tv,¢;) = (v, T¢i) = (v,7:9:) = ria;.
So

w— En:bi@ =Tv— zn:am@ =T(v— iai¢i)~
i=1 i=1 i=1

Now v — >, a;¢; is orthogonal to ¢1,...,d, and hence belongs to V,,41. So
n n
IT(w =" aido)]| < Irnsalll(v =Y aidh)|-
i=1 i=1
By the Pythagorean theorem,
n
(=Y @)l < [lvll.
i=1
Putting the two previous inequalities together we get

lo =D _bill = IT(v = > i) | < Irnsallvl] — 0.

i=1 i=1
This proves that the Fourier series of w converges to w concluding the proof of

the theorem.

The “converse” of the above result is easy. Here is a version: Suppose that
H is a Hilbert space with an orthonormal basis {¢;} consisting of eigenvectors
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of an operator T, so T¢; = \;¢;, and suppose that \; — 0 as i — oo. Then T
is compact. Indeed, for each j we can find an N = N(j) such that

1
[Ar| < 7 YV r > N(j).

We can then let H; denote the closed subspace spanned by all the eigenvectors
o, > N(j), so that
H=H;oH;

is an orthogonal decomposition and HJl is finite dimensional, in fact is spanned
the first N(j) eigenvectors of T'.

Now let {u;} be a sequence of vectors with ||u;]] < 1 say. We decompose
each element as

/ " / 1 "
u =u; Duy, u; € Hy, uy € Hy.

We can choose a subsequence so that u;k converges, because they all belong to
a finite dimensional space, and hence so does T'u;, since T' is bounded. We can
decompose every element of this subsequence into its Hy and Hy components,
and choose a subsequence so that the first component converges. Proceeding in
this way, and then using the Cantor diagonal trick of choosing the k-th term of
the k-th selected subsequence, we have found a subsequence such that for any
fixed j, the (now relabeled) subsequence, the HJl component of T'u; converges.
But the H; component of Tw; has norm less than 1/j, and so the sequence
converges by the triangle inequality.

2.4 Fourier’s Fourier series.

We want to apply the theorem about compact self-adjoint operators that we
proved in the preceding section to conclude that the functions e™™* form an
orthonormal basis of the space C(T). In fact, a direct proof of this fact is
elementary, using integration by parts. So we will pause to given this direct
proof. Then we will go back and give a (more complicated) proof of the same
fact using our theorem on compact operators. The reason for giving the more
complicated proof is that it extends to far more general situations.

2.4.1 Proof by integration by parts.

We have let C(T) denote the space of continuous functions on the real line which
are periodic with period 27r. We will let C*(T) denote the space of periodic
functions which have a continuous first derivative (necessarily periodic) and by
C?%(T) the space of periodic functions with two continuous derivatives. If f and
g both belong to C*(T) then integration by parts gives

1 ™ ™

1
— "gdr = —— 7d
o _ﬂfgx . _ng z
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since the boundary terms, which normally arise in the integration by parts
formula, cancel, due to the periodicity of f and g. If we take g = e /(in),n # 0
the integral on the right hand side of this equation is the Fourier coefficient:

1 (" ;
Cn =5 [W flx)e " de.

We thus obtain
11 [7

- 1 —inwd
2w J_ . izl *

Cp =

so, for n # 0,

A 1 ("
nl < — here A := — ! d
ol < 2 where A= 5 [ (7@)lda
is a constant independent of n (but depending on f).
If f € C%(T) we can take g(z) = —e™*/n? and integrate by parts twice. We
conclude that (for n # 0)

™

B 1
len| < 3 where B := o If" (z)|?

—T

is again independent of n. But this proves that the Fourier series of f,

§ Cn eznz

converges uniformly and absolutely for and f € C?(T). The limit of this series
is therefore some continuous periodic function. We must prove that this limit
equals f. So we must prove that at each point f

Y™ = f(y).

Replacing f(z) by f(x —y) it is enough to prove this formula for the case y = 0.
So we must prove that for any f € C?(T) we have

M

Write f(z) = (f(z) — f(0)) + f(0). The Fourier coefficients of any constant
function ¢ all vanish except for the ¢y term which equals ¢. So the above limit
is trivially true when f is a constant. Hence, in proving the above formula, it is
enough to prove it under the additional assumption that f(0) = 0, and we need
to prove that in this case

lim (c-y+c-ny1+--+ecu)—0.
N,M—00

The expression in parenthesis is
1 s

o - f@)gn,m(x)de
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where
gn (@) = e~ iNe o—iN-Dz | iMz _ ~iNz (1 et +ei(M+N);v> _

1 e MEN+Yz  —iNz _ i(M+1)z
e N : = , , ©#0
1—ew 1—ew
where we have used the formula for a geometric sum. By I’'Hopital’s rule, this
extends continuously to the value M + N + 1 for x = 0. Now f(0) = 0, and
since f has two continuous derivatives, the function

o) o S

T l—eiw

defined for z # 0 (or any multiple of 27) extends, by 'Hopital’s rule, to a func-
tion defined at all values, and which is continuously differentiable and periodic.
Hence the limit we are computing is

. 1 [~ ,
h(z)eN*d — 2—/ h(z)e "M+ gy
i

—T

1 T
2 J_,

and we know that each of these terms tends to zero.

We have thus proved that the Fourier series of any twice differentiable peri-
odic function converges uniformly and absolutely to that function. If we consider
the space C?(T) with our usual scalar product

s

()=~ [ rgde

2 J_,
then the functions e™® are dense in this space, since uniform convergence implies
convergence in the || | norm associated to (, ). So, on general principles, Bessel’s
inequality and Parseval’s equation hold.

It is not true in general that the Fourier series of a continuous function
converges uniformly to that function (or converges at all in the sense of uniform
convergence). However it is true that we do have convergence in the Ly norm,
i.e. the Hilbert space || || norm on C(T). To prove this, we need only prove that
the exponential functions e™® are dense, and since they are dense in C*(T), it is
enough to prove that C2(T) is dense in C(T). For this, let ¢ be a function defined
on the line with at least two continuous bounded derivatives with ¢(0) = 1 and
of total integral equal to one and which vanishes rapidly at infinity. A favorite
is the Gauss normal function

Equally well, we could take ¢ to be a function which actually vanishes outside
of some neighborhood of the origin. Let
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As t — 0 the function ¢; becomes more and more concentrated about the origin,
but still has total integral one. Hence, for any bounded continuous function f,
the function ¢; x f defined by

0o D)= [ " - p)buly)dy = / " J(w)éi(a — wdu.

satisfies ¢y * f — f uniformly on any finite interval. From the rightmost expres-
sion for ¢; x f above we see that ¢; x f has two continuous derivatives. From
the first expression we see that ¢;  f is periodic if f is. This proves that C?(T)
is dense in C(T). We have thus proved convergence in the Ly norm.

2.4.2 Relation to the operator %.

Each of the functions e™*is an eigenvector of the operator

_4d
Cdx

in that
D (ei"m) = ine'™™*.

So they are also eigenvalues of the operator D? with eigenvalues —n?. Also, on
the space of twice differentiable periodic functions the operator D? satisfies

(D1.9) = o [ F"@g@de = £/@)()

L @

—T 271' —r

21

by integration by parts. Since f’ and g are assumed to be periodic, the end
point terms cancel, and integration by parts once more shows that

(D*f,9) = (f.D*9) = —(f".4).

But of course D and certainly D? is not defined on C(T) since some of the func-
tions belonging to this space are not differentiable. Furthermore, the eigenvalues
of D? are tending to infinity rather than to zero. So somehow the operator D?
must be replaced with something like its inverse. In fact, we will work with the
inverse of D? — 1, but first some preliminaries.

We will let C?([—7, 7]) denote the functions defined on [—m.7] and twice dif-
ferentiable there, with continuous second derivatives up to the boundary. We
denote by C([—m,7]) the space of functions defined on [—7, 7| which are continu-
ous up to the boundary. We can regard C(T) as the subspace of C([—m, 7]) con-
sisting of those functions which satisfy the boundary conditions f(7) = f(—m)
(and then extended to the whole line by periodicity).

We regard C([—m,7]) as a pre-Hilbert space with the same scalar product
that we have been using:

1 (7 —
(f,9) =5 | [fl@)g(x)dz.

2 J_,
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If we can show that every element of C([—m,n]) is a sum of its Fourier series
(in the pre-Hilbert space sense) then the same will be true for C(T). So we will
work with C([—m,7]).

We can consider the operator D? — 1 as a linear map

D? —1:C*([~m,7]) — C([~,7]).

This map is surjective, meaning that given any continuous function g we can
find a twice differentiable function f satisfying the differential equation

f"=f=g

In fact we can find a whole two dimensional family of solutions because we can
add any solution of the homogeneous equation

h" —h=0

to f and still obtain a solution. We could write down an explicit solution for the
equation f” — f = g, but we will not need to. It is enough for us to know that
the solution exists, which follows from the general theory of ordinary differential
equations.

The general solution of the homogeneous equation is given by

h(z) = ae® + be™ ™.

Let
M c C*([~m, 7))

be the subspace consisting of those functions which satisfy the “periodic bound-
ary conditions”

f(m) = f(=m), f'(m) = f'(=m).

Given any f we can always find a solution of the homogeneous equation such
that f —h € M. Indeed, we need to choose the complex numbers a and b such
that if h is as given above, then

h(rm) = h(=m) = f(m) = f(=m), and B'(m) = B'(=m) = f'(7m) — f'(=7).

Collecting coefficients and denoting the right hand side of these equations by ¢
and d we get the linear equations

(e"—e ™) a—b)=c,(e"—e ") a+b)=d

which has a unique solution.
So there exists a unique operator

T:C([-m,7]) = M

with the property that
(D*~T)oT =1.
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We will prove that
T is self adjoint and compact. (2.20)

Once we will have proved this fact, then we know every element of M can
be expanded in terms of a series consisting of eigenvectors of T with non-zero
eigenvalues. But if

Tw = Aw

then

D2w:(D2—I)w—|—w:%[(D2—I)0T]w+w: (;\—kl)w.

So w must be an eigenvector of D?; it must satisfy

w’ = pw.

So if 4 = 0 then w = a constant is a solution. If u = 72 > 0 then w is
a linear combination of €™ and e~ and as we showed above, no non-zero
such combination can belong to M. If y = —r? then the solution is a linear
combination of €% and e and the above argument shows that r must be
such that €™ = e~ ¥ so r = n is an integer.

Thus (2.20) will show that the e are a basis of M, and a little more
work that we will do at the end will show that they are in fact also a basis of
C([—m,x]). But first let us work on (2.20).

It is easy to see that T is self adjoint. Indeed, let f = Tw and g = Tv so
that f and g are in M and

(u,Tv) = ([D* = 1]f,9) = ~(f'.g") = (£,9) = (f,[D* = 1]g) = (T'u,v)

—irz

where we have used integration by parts and the boundary conditions defining
M for the two middle equalities.

2.4.3 Garding’s inequality, special case.

We now turn to the compactness. We have already verified that for any f € M
we have

((D* =10f, /) = =(f". f) = (f. ).
Taking absolute values we get

117+ 1A% < (D% = 1] £, ). (2.21)

(We actually get equality here, the more general version of this that we will
develop later will be an inequality.)
Let u = [D? — 1]f and use the Cauchy-Schwartz inequality

([D? = 11f, /) = |(u, H)] < [Jullll £]
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on the right hand side of (2.21) to conclude that

£ < Nl £

or
LI < ll.
Use (2.21) again to conclude that

£ < Nl < Ml

by the preceding inequality. We have f = Tu, and let us now suppose that u
lies on the unit sphere i.e. that ||u|| = 1. Then we have proved that

Ifl <1, and [f[l <1. (2.22)

We wish to show that from any sequence of functions satisfying these two condi-
tions we can extract a subsequence which converges. Here convergence means,
of course, with respect to the norm given by

117 = 5= [ 1f@)Pe

In fact, we will prove something stronger: that given any sequence of functions
satisfying (2.22) we can find a subsequence which converges in the uniform norm

[flloo := max |f(z)].

z€[—m,m]

Notice that

1

171= (5 [ If(ar)Ide)% < (5 [ (A1wras) =111

so convergence in the uniform norm implies convergence in the norm we have
been using.
To prove our result, notice that for any 7 < a < b < 7 we have

/ab f(x)dx

where 1(, 4 is the function which is one on [a,b] and zero elsewhere. Apply
Cauchy-Schwartz to conclude that

AT L) < TFT I 1 al-

b
1£(b) — f(a)] = < / 1 (@)l = 27(|f'], Ljay)

But 1
= =Ib—al
2

” l[a,b]

and

A =1, <1
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We conclude that

£(6) = f(@) < (2m)3|b—al . (223)
In this inequality, let us take b to be a point where |f| takes on its maximum
value, so that |f(b)| = || f]lco- Let a be a point where |f| takes on its minimum

value. (If necessary interchange the role of a and b to arrange that a < b or
observe that the condition a < b was not needed in the above proof.) Then
(2.23) implies that

1/lloe — min |f] < (2m)%[b — a?.

But

L>|Ifll= (2177/_ f|2(a?)dx)2 > (;ﬂ/_ (minf|)2das)2 = min | f]

and |b—a| < 27 so
[ flloo <1+ 2m.

Thus the values of all the f € T[S] are all uniformly bounded - (they take values
in a circle of radius 1 4 27) and they are equicontinuous in that (2.23) holds.
This is enough to guarantee that out of every sequence of such f we can choose
a uniformly convergent subsequence.

(We recall how the proof of this goes: Since all the values of all the f are
bounded, at any point we can choose a subsequence so that the values of the
f at that point converge, and, by passing to a succession of subsequences (and
passing to a diagonal), we can arrange that this holds at any countable set of
points. In particular, we may choose say the rational points in [—7, 7]. Suppose
that f,, is this subsequence. We claim that (2.23) then implies that the f,, form
a Cauchy sequence in the uniform norm and hence converge in the uniform norm
to some continuous function. Indeed, for any e choose ¢ such that

1 1 ].
(2m)262 < 36

choose a finite number of rational points which are within ¢ distance of any
point of [—m, 7] and choose N sufficiently large that |f; — f;] < %e at each of
these points, . when ¢ and j are > N. Then at any x € [—m, 7]

[file) = fi(@)] < [filz) = fi(r)| + [f5(2) = f3(P)] + [fulr) = fi(r)| < e

since we can choose r such that that the first two and hence all of the three
terms is < %6)

2.5 The Heisenberg uncertainty principle.
In this section we show how the arguments leading to the Cauchy-Schwartz in-

equality give one of the most important discoveries of twentieth century physics,
the Heisenberg uncertainty principle.
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Let V be a pre-Hilbert space, and S denote the unit sphere in V. If ¢ and ¢
are two unit vectors (i.e. elements of S) their scalar product (¢, ) is a complex
number with 0 < [(¢,)|? < 1. In quantum mechanics, this number is taken as
a probability. Although in the “real world” V' is usually infinite dimensional,
we will warm up by considering the case where V is finite dimensional.

Given a ¢ € S and an orthonormal basis ¢1, ..., ¢, of V, we have

L=6l* = (¢, o1)* + -+ + (&, ¢l

The says that the various probabilities |(¢, ¢;)|? add up to one. We recall some
language from elementary probability theory: Suppose we have an experiment
resulting in a finite number of measured numerical outcomes \;, each with prob-
ability p; of occurring. Then the mean () is defined by

(A) :=Xp1 + -+ Aapa
and its variance (A\)?
(AN = (A = (N)*p1+ -+ (A = ()P
and an immediate computation shows that
(AN = (N%) = (V)2

The square root A\ of the variance is called the standard deviation. The vari-
ance (or the standard deviation) measures the “spread” of the possible values of
A. To understand its meaning we have Chebychev’s inequality which estimates
the probability that Ay can deviate from (\) by as much as rAX for any posi-
tive number r. Chebychev’s inequality says that this probability is < 1/72. In
symbols
1
Prob (JAx — (W] 2 rAN) < 5.

Indeed, the probability on the left is the sum of all the py such that [A; — (A)| >
rA. Denoting this sum by > we have

2
Zpk_z:pk TQAAg <

2

1
—Zp’“ﬂm - AA2Z BTl

all & all &

Replacing A\; by A; 4+ ¢ does not change the variance.

Now suppose that A is a self-adjoint operator on V', that the A; are the
eigenvalues of A with eigenvectors ¢; constituting an orthonormal basis, and
that the p; = |(¢, ¢;|* as above.

1. Show that (\) = (A¢,¢) and that (AN)? = (A%¢, ¢) — (Ad, ¢)%.
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We will write the expression (A¢, ) as (A)g, In quantum mechanics a unit
vector is called a state and a self-adjoint operator is called an observable
and the expression (A), is called the expectation of the observable A in the

state ¢. Similarly we denote ((A2¢,¢) — (A, $)2)"/* by AyA. Tt is called the
uncertainty of the observable A in the state ¢. Notice that
(ApA)? = (A~ (A))*)

where I denotes the identity operator. Indeed

(A= (A9, 9)I)* = A% — 2(A¢, ) A + (A0, 9)*1
SO
(A= (A)g)%)s = (A20,0) — 2(A)] +(4)] = (4%)y — (4).
When the state ¢ is fixed in the course of discussion, we will drop the sub-

script ¢ and write (A) and AA instead of (A), and AgA. For example, we
would write the previous result as

AA= (A= (A)D)?).
If A and B are operators we let [A, B] denote the commutator:
[A, B] := AB — BA.

Notice that [4, B] = —[B, A] and [I, B] = 0 for any B. So if A and B are
self adjoint, so is i[A, B] and replacing A by A — (A)I and B by B — (B)I does
not change AA, AB or i[A, B].

The uncertainty principle says that for any two observables A and B we

have
1

(AA)(AB) > 2|4, Bl) g
Proof. Set A := A— (A), Bj:= B — (B) so that
[A1, Bi] = [A, B].
Let
Y= A1¢ +ixB1¢.
Then

(¥,¥) = (AA)* — x(i[A, B]) + (AB)*.
Since (1,9) > 0 for all = this implies that (b*> < 4ac) that
(i[A, B])* < 4(AA)*(AB)?,

and taking square roots gives the result.

The purpose of the next few sections is to provide a vast generalization of
the results we obtained for the operator D?. We will prove the corresponding
results for any “elliptic” differential operator (definitions below).
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I plan to study differential operators acting on vector bundles over manifolds.
But it requires some effort to set things up, and I want to get to the key analytic
ideas which are essentially repeated applications of integration by parts. So I will
start with elliptic operators L acting on functions on the torus T = T", where
there are no boundary terms when we integrate by parts. Then an immediate
extension gives the result for elliptic operators on functions on manifolds, and
also for boundary value problems such as the Dirichlet problem.

The treatment here rather slavishly follows the treatment by Bers and Schechter
in Partial Differential Equations by Bers, John and Schechter AMS (1964).

2.6 The Sobolev Spaces.

Recall that T now stands for the n-dimensional torus. Let P = P(T) denote
the space of trigonometric polynomials. These are functions on the torus of the

form
u(z) = Z ape®

where

0= (l1,...,0,)

is an n-tuplet of integers and the sum is finite. For each integer t (positive, zero
or negative) we introduce the scalar product

(w,0) =Y (14 £-0) asy. (2.24)
14

For ¢ = 0 this is the scalar product

1

(u,v)p = W/Tu(x)v(x)dx

This differs by a factor of (27)~™ from the scalar product that is used by Bers
and Schecter. We will denote the norm corresponding to the scalar product

(5 )s by [ ]s-
If

0? ok
&= (g +* ap)
the operator (1 + A) satisfies
(1+A)u=>Y (14L-age™”

and so
(14 A)Yu,v)s = (u, (1 +A)'v)s = (u,v) 1t

and
11+ A ulls = fJullsror (2.25)
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We then get the “generalized Cauchy-Schwartz inequality”
|(U,U)S| S ||u||s+t||v||sft (226)

for any ¢, as a consequence of the usual Cauchy-Schwartz inequality. Indeed,

ST+0-0%ab = S (1+0-0F a1 +L-0)7T b
l l

(1+A)Fu, (1+A) T )
11+ A)F ol (1 + A)F ollo

= Nullssellvlls—

s+t

IN

The generalized Cauchy-Schwartz inequality reduces to the usual Cauchy-
Schwartz inequality when ¢ = 0.

Clearly we have
Hu”s < ||U||t if s <t.

If DP denotes a partial derivative,

then
DPy = Z(iﬁ)pageww .

In these equations we are using the following notations:

e If p=(p1,...,pn) is a vector with non-negative integer entries we set

pl==p1+ -+

o If £ =(&,...,&,) is a (row) vector we set

=8 &G8r

It is then clear that

[DPulle < [[ullt+p) (2.27)
and similarly
lu]ls < (constant depending on t) Z ||DPullg if t > 0. (2.28)
IpI<t

In particular,
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Proposition 2.6.1 The norms
u = lull;

t>0 and

w— Y [|DPullo

[p|<t

are equivalent.

We let H; denote the completion of the space P with respect to the norm
Il ll:- Each H; is a Hilbert space, and we have natural embeddings

Ht<_>Hs if s < t.
Equation (2.25) says that
(1+ A :H, o — H,

and is an isometry.
From the generalized Schwartz inequality we also have a natural pairing of
H; with H_; given by the extension of ( , )o, so

[(u, v)o] < flullellvl] . (2.29)

In fact, this pairing allows us to identify H_; with the space of continuous linear
functions on H;. Indeed, if ¢ is a continuous linear function on H; the Riesz
representation theorem tells us that there is a w € Hy such that ¢(u) = (u, w);.
Set

vi= (14 A)w.

Then
veH_,;
and
(u,v)0 = (u, (1 4+ A)Yw)y = (u,w); = ¢(u).
We record this fact as
H_, = (H,)". (2.30)
As an illustration of (2.30), observe that the series

d+e-0y

14

converges for
< n
s< ——.
2

This means that if define v by taking

ngl
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then v € H, for s < —%. If u is given by u(z) =, age® is any trigonometric

polynomial, then
(u,v)p = Zag = u(0).

So the natural pairing (2.29) allows us to extend the linear function sending
u — u(0) to all of H if t > &. We can now give v its “true name”: it is the
Dirac “delta function” ¢ (on the torus) where

(u,9)o = u(0).

Sod € H_; fort > 5, and the preceding equation is usually written symbolically

as
1

2m)n /ru(x)ﬁ(x)dx = u(0);

but the true mathematical interpretation is as given above.
We set

H, = ﬂHt, H = UHt.

The space Hy is just Lo(T), and we can think of the space H;, ¢t > 0
as consisting of those functions having “generalized Lo derivatives up to order
t”. Certainly a function of class C? belongs to H;. With a loss of degree of
differentiability the converse is true:

Lemma 2.6.1 [Sobolev.] Ifu e H; and
t> [%} +k+1

then u € C*(T) and

sup |DPu(z)| < const.||ul|; for |p| < k. (2.31)
zeT

By applying the lemma to DPu it is enough to prove the lemma for £ = 0. So
we assume that v € Hy with ¢ > [n/2] + 1. Then

(> Jael)? < (2(1 s é)t|a¢|2) S+ < o0,

since the series Y (1 + £ £)~* converges for ¢ > [n/2] + 1. So for this range of
t, the Fourier series for u converges absolutely and uniformly. The right hand
side of the above inequality gives the desired bound. QED

A distribution on T" is a linear function 7' on C°°(T"™) with the continuity
condition that

whenever
DP¢ — 0
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uniformly for each fixed p. If u € H_; we may define

<’U,7¢> = (¢7H)0
and since C*°(T) is dense in H; we may conclude

Lemma 2.6.2 H_; is the space of those distributions T which are continuous
in the || ||+ norm, i.e. which satisfy

loxlle =0 = (T,¢r) — 0.
We then obtain

Theorem 2.6.1 [Laurent Schwartz.] H_., is the space of all distributions.
In other words, any distribution belongs to H_; for some t.

Proof. Suppose that T is a distribution that does not belong to any H_;. This
means that for any & > 0 we can find a C'*° function ¢y with

1
ol < 7

and
(T, o) > 1.

But by Lemma 2.6.1 we know that ||¢g||x < % implies that DP¢y — 0 uniformly
for any fixed p contradicting the continuity property of 7. QED

Suppose that ¢ is a C*° function on T. Multiplication by ¢ is clearly a
bounded operator on Hy = Lo(T), and so it is also a bounded operator on
H;, ¢ > 0 since we can expand DP(¢u) by applications of Leibnitz’s rule.

For t = —s < 0 we know by the generalized Cauchy Schwartz inequality that

[ulle = sup | (v, pu)o|/||v]ls = sup [(u, pv)|/l|v]ls < [Jullel|vs/[[v]]s-
So in all cases we have
llpull+ < (const. depending on ¢ and t)||ul|+. (2.32)

Let
L= Z oy (z)DP

[p|<m

be a differential operator of degree m with C*° coefficients. Then it follows from
the above that
| Ll t—m < constant|u|¢ (2.33)

where the constant depends on L and ¢.

Lemma 2.6.3 [Rellich’s lemma.] If s < t the embedding Hy — H; is
compact.
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Proof. We must show that the image of the unit ball B of H; in H; can be
covered by finitely many balls of radius e. Choose N so large that

(1400002 < o

when ¢-¢ > N. Let Z; be the subspace of H; consisting of all u such that ay = 0
when ¢ - ¢ < N. This is a space of finite codimension, and hence the unit ball
of Zi* C H; can be covered by finitely many balls of radius 5. The space Zi+
consists of all u such that ay = 0 when £-¢ > N. The image of ZtJ- in Hg is the
orthogonal complement of the image of Z;. On the other hand, for u € BN Z
we have )
Jul? < (1 + M)~ lul < (5)
So the image of BN Z is contained in a ball of radius §. Every element of the
image of B can be written as a(n orthogonal) sum of an element in the image
of BNZ;+ and an element of BN Z; and so the image of B is covered by finitely

many balls of radius e. QED

2.7 Garding’s inequality.
Let x, a, and b be positive numbers. Then
2+ >1
because if x > 1 the first summand is > 1 and if # < 1 the second summand is
> 1. Setting = = €'/% A gives
1< eA® e b/ag?b

if e and A are positive. Suppose that t; > s > t; and weset a =t1—s, b =s—15
and A=1+/-/{. Then we get

(L4+0-0)° <e(l+0-0)h e 7t/ (=91 4 p. p)t
and therefore

lulls < ellulls, + e T2/ E=D |y, ift; >s>ty, €>0 (2.34)

for all u € Hy,. This elementary inequality will be the key to several arguments
in this section where we will combine (2.34) with integration by parts.

A differential operator L = lelém ap(2)DP with real coefficients and m
even is called elliptic if there is a constant ¢ > 0 such that

(=D)™2 3" ap(2)e? > c(&- ™2 (2.35)
[p|=m

In this inequality, the vector & is a “dummy variable”. (Its true invariant signif-
icance is that it is a covector, i.e. an element of the cotangent space at x.) The
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expression on the left of this inequality is called the symbol of the operator L.
It is a homogeneous polynomial of degree m in the variable £ whose coefficients
are functions of x. The symbol of L is sometimes written as o(L) or o(L)(x,¢).
Another way of expressing condition (2.35) is to say that there is a positive
constant ¢ such that

o(L)(xz,&) > ¢ for all z and £ such that £-£=1.

We will assume until further notice that the operator L is elliptic and that
m is a positive even integer.

Theorem 2.7.1 [Garding’s inequality.] For every u € C*(T) we have
(u, Lu)o > erl|ull?, 5 = callull (2.36)
where ¢1 and co are constants depending on L.

Remark. If u € H,,/3, then both sides of the inequality make sense, and we
can approximate u in the || |/, /2 norm by C* functions. So once we prove the
theorem, we conclude that it is also true for all elements of H,, /5.

We will prove the theorem in stages:

1. When L is constant coefficient and homogeneous.
2. When L is homogeneous and approximately constant.

3. When the L can have lower order terms but the homogeneous part of L
is approximately constant.

4. The general case.

Stage 1. L= Z‘p‘:m o, DP where the «, are constants. Then

(u, Lu)g

Zagew'x,z Z ap(i)P apet®

¢ [p|l=m 0

> cZ(f-E)m/2|a5|2 by (2.35)
/

= ST+ (0™ ag? — clful3

> Cllull?, 5 — clullo

where y
1+ rm/2

C=sup————.

w0 (L+ r)m/2

This takes care of stage 1.
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Stage 2. L = Lo+ Ly where Lo is as in stage 1 and Ly = }7,,_,,, Bp(2)D? and
max |G, ()] <,

where 7 sufficiently small. (How small will be determined very soon in the
course of the discussion.) We have

(u, Lou)o = ¢'|[ull}, ;o — cllullg

from stage 1.

We integrate (u, L1u)g by parts m/2 times. There are no boundary terms
since we are on the torus. In integrating by parts some of the derivatives will
hit the coefficients. Let us collect all the these terms as I5. The other terms we
collect as Iy, so

I = Z/bp'-ﬁ-p”Dplqu”ud.T
where |p'| = [p'| = m/2 and b, = £5,. We can estimate this sum by
11| < - const.||ull7,

and so will require that 7 - (const.) < ¢’.
The remaining terms give a sum of the form

b:}i/@wﬁmmm

where p’ <m/2,q¢' < m/2 so we have

|I5| < const.||u

3 llull g1
Now let us take
=0 y=2
§ = — — —
2 T2
in (2.34) which yields, for any € > 0,

 ta=0

lullp—1 < ellullg + ™2 ullo.

Substituting this into the above estimate for I gives

—m/2

|| <e- const.Hqun/Q +e const. |[w|, /2 |lullo-

For any positive numbers a, b and ¢ the inequality ((a—¢~1b)? > 0 implies that
2ab < (2a® + ¢~2b%. Taking (2 = €7 ! we can replace the second term on the
right in the preceding estimate for |I5| by

™1 const.||ul3
at the cost of enlarging the constant in front of ||u||2% We have thus established
that
|[11] < - (comst.)[[ull7,
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where the constant depends only on m, and

m

|| < e(cmast.)2||u||fn/2 + e ™ Leonst. ||u|?

where the constants depend on L; but € is at our disposal. So if n(const.); < ¢’
and we then choose € so that e(const.)y < ¢/ — 7 - (const.); we obtain Garding’s
inequality for this case.

Stage 3. L = Lo+ L1 + Ly where Ly and L, are as in stage 2, and Ly is a
lower order operator. Here we integrate by parts and argue as in stage 2.

Stage 4, the general case. Choose an open covering of T such that the
variation of each of the highest order coefficients in each open set is less than
the n of stage 1. (Recall that this choice of n depended only on m and the ¢
that entered into the definition of ellipticity.) Thus, if v is a smooth function
supported in one of the sets of our cover, the action of L on v is the same as
the action of an operator as in case 3) on v, and so we may apply Garding’s
inequality. Choose a finite subcover and a partition of unity {¢;} subordinate
to this cover. Write ¢; = 1? (where we choose the ¢ so that the 1 are smooth).
So Y ¢? =1. Now

(Wiu, L(vsu))o > " ||viull3, /5 — const.|[¢ul3

where ¢” is a positive constant depending only on ¢,n, and on the lower order
terms in L. We have

(u.Lulo = (3 wPu)Tude = 3w, Lvvuo + R

where R is an expression involving derivatives of the 1; and hence lower order
derivatives of u. These can be estimated as in case 2) above, and so we get

(u, Lu)g > " Z ||wiuH72n/2 — const.|Jul|? (2.37)

since [|vsullo < [[ullo. Now [[ul|,/2 is equivalent, as a norm, to 3> . [[DPullo
as we verified in the preceding section. Also -

S IDP@wllo =Y s DPullo + R’

where R’ involves terms differentiating the ¢ and so lower order derivatives of
u. Hence

D Il 2 = pos. const.|ull}, » — const.|lull3

by the integration by parts argument again. Hence by (2.37)
(u, Lu)o = ¢" Y [iull3, o — const.||ul§

> pos. const.||u||12ﬂ/2 — const.|Jul|2
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which is Garding’s inequality. QED

For the time being we will continue to study the case of the torus. But a
look ahead is in order. In this last step of the argument, where we applied the
partition of unity argument, we have really freed ourselves of the restriction of
being on the torus. Once we make the appropriate definitions, we will then
get Garding’s inequality for elliptic operators on manifolds. Furthermore, the
consequences we are about to draw from Garding’s inequality will be equally
valid in the more general setting.

2.8 Consequences of Garding’s inequality.

Proposition 2.8.1 For every integer t there is a constant c(t) = c¢(t,L) and a
positive number A = A(t, L) such that

lulle < e(@)[Lu+ Xulls—m (2.38)

when
A>A

for all smooth u, and hence for all u € Hy.

Proof. Let s be some non-negative integer. We will first prove (2.38) for
t =s+ 5. We have

[llell L+ Aulle—m = [lull ]| L + Aulls -z
= [lullel(t+ A)* Lu+ A1+ A)*u| s
> (u, (1 4+ A Lu+ M1+ A)°u)g

by the generalized Cauchy - Schwartz inequality (2.26).
The operator (1 + A)*L is elliptic of order m + 2s so (2.25) and Garding’s
inequality gives

(u, (14 A)*Lu + A1+ A)*u)o > erl|ull3ym — eaflullg + Allull3-
Since ||ul|s > ||ullo we can combine the two previous inequalities to get
lulle| Lu + Nulle—m = erllullf + (A = e2)[Jull3.

If A > ¢o we can drop the second term and divide by |Ju||; to obtain (2.38).

m _

We now prove the proposition for the case t = 5 — s by the same sort of
argument: We have

el Z + Xl = (114 A) ull g | L+ Ao

> (14 A)"%u, L1 + A (1 + A) " u+ Au)o.
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Now use the fact that L(1+ A)® is elliptic and Garding’s inequality to continue
the above inequalities as

> c1l|(1+ A) " ull3y o — all (1 4+ A) " ull§ + Aull2,

= ciflullf = eallull—2s + Allull®, > ex|lull?

if A > cp. Again we may then divide by ||ul|; to get the result. QED

The operator L + AI is a bounded operator from H; to H;_,, (for any ¢).
Suppose we fix ¢ and choose A so large that (2.38) holds. Then (2.38) says that
(L+AI) is invertible on its image, and bounded there with a bound independent
of A > A, and this image is a closed subspace of H;_,,.

Let us show that this image is all of H;_,, for A large enough. Suppose not,
which means that there is some w € H;_,,, with

(w, Lu + Aut)t—py, =0
for all u € H;. We can write this last equation as
(1 + A)"™w, Lu + Au) = 0.

Integration by parts gives the adjoint differential operator L* characterized
by
((bv L¢)(> = (L*(bv T/’)o
for all smooth functions ¢ and v, and by passing to the limit this holds for all
elements of H,. for r > m. The operator L* has the same leading term as L and
hence is elliptic. So let us choose A sufficiently large that (2.38) holds for L* as
well as for L. Now

0= ((14+A)""w, Lu+ )\u)o = (L* (14 A)""w + A1+ A) ", u)o

for all v € Hy which is dense in Hy so
L*(1+ A0+ A1+ A) " ™w =0
and hence (by (2.38)) (1 + A)"™w = 0 so w = 0. We have proved

Proposition 2.8.2 For every t and for A large enough (depending on t) the
operator L + A\ maps H; bijectively onto Hy_,, and (L + \)~! is bounded
independently of \.

As an immediate application we get the important
Theorem 2.8.1 If u is a distribution and Lu € Hy then u € Hyy,,.

Proof. Write f = Lu. By Schwartz’s theorem, we know that v € Hy, for some
k. So f+ Au € Hyin(k,s) for any A. Choosing A large enough, we conclude that
u = (L+X)"'f 4+ M) € Huyin(htm,sm)- I k+m < s+ m we can repeat



78 CHAPTER 2. HILBERT SPACES AND COMPACT OPERATORS.

the argument to conclude that u € Hyin(k42m,s+m)- We can keep going until
we conclude that v € Hyy.,,. QED

Notice as an immediate corollary that any solution of the homogeneous equa-
tion Lu = 0 is C°.

‘We now obtain a second important consequence of Proposition 2.8.2. Choose
A so large that the operators

(L+X)™' and (L*+AI)7!

exist as operators from Hy — H,,,. Follow these operators with the injection
tm : H,, — Hp and set

M=t o(L+N)" Y, M*:=1,0(L*+ M) .

Since ¢y, is compact (Rellich’s lemma) and the composite of a compact operator
with a bounded operator is compact, we conclude

Theorem 2.8.2 The operators M and M™* are compact.

Suppose that L = L*. (This is usually expressed by saying that L is “for-
mally self-adjoint”. More on this terminology will come later.) This implies
that M = M*. In other words, M is a compact self adjoint operator, and we
can apply Theorem 2.3.1 to conclude that eigenvectors of M form a basis of
R(M) and that the corresponding eigenvalues tend to zero. Prop 2.8.2 says
that R(M) is the same as ¢y, (H,,) which is dense in Hy = L2(T). We con-
clude that the eigenvectors of M form a basis of Ly(T). If Mu = ru then
u=(L+ M)Mu=rLu+ Aru so u is an eigenvector of L with eigenvalue

1—7rA

r
We conclude that the eigenvectors of L are a basis of Hy. We claim that
only finitely many of these eigenvalues of L can be negative. Indeed, since we
know that the eigenvalues r,, of M approach zero, the numerator in the above
expression is positive, for large enough n, and hence if there were infinitely
many negative eigenvalues ux, they would have to correspond to negative ry
and so these up — —oo. But taking sy = —py as the A in (2.38) in Prop. 2.8.1
we conclude that v = 0, if Lu = pgu if k is large enough, contradicting the
definition of an eigenvector. So all but a finite number of the r, are positive,
and these tend to zero. To summarize:

Theorem 2.8.3 The eigenvectors of L are C*° functions which form a basis of
Hy. Only finitely many of the eigenvalues ux of L are negative and p,, — oo as
n — 0.

It is easy to extend the results obtained above for the torus in two directions.
One is to consider functions defined in a domain = bounded open set G of R™
and the other is to consider functions defined on a compact manifold. In both
cases a few elementary tricks allow us to reduce to the torus case. We sketch
what is involved for the manifold case.
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2.9 Extension of the basic lemmas to manifolds.

Let E — M be a vector bundle over a manifold. We assume that M is equipped
with a density which we shall denote by |dz| and that F is equipped with a
positive definite (smoothly varying) scalar product, so that we can define the
Lo norm of a smooth section s of E of compact support:

8|12 = / 152 () .
M

Suppose for the rest of this section that M is compact. Let {U;} be a finite cover
of M by coordinate neighborhoods over which E has a given trivialization, and
p; a partition of unity subordinate to this cover. Let ¢; be a diffeomorphism or
U; with an open subset of T" where n is the dimension of M. Then if s is a
smooth section of E, we can think of (p;s) qui_1 as an R™ or C™ valued function
on T, and consider the sum of the || - ||z norms applied to each component. We
shall continue to denote this sum by ||p;f o ¢; *||x and then define

171l =D lloif o &7

where the norms on the right are in the norms on the torus. These norms
depend on the trivializations and on the partitions of unity. But any two norms
are equivalent, and the || ||o norm is equivalent to the “intrinsic” Ly norm defined
above. We define the Sobolev spaces W, to be the completion of the space of
smooth sections of E relative to the norm || || for k¥ > 0, and these spaces are
well defined as topological vector spaces independently of the choices. Since
Sobolev’s lemma holds locally, it goes through unchanged. Similarly Rellich’s
lemma: if s, is a sequence of elements of W, which is bounded in the || ||, norm
for ¢ > k, then each of the elements p;s, o (b;l belong to Hy on the torus, and
are bounded in the || ||, norm, hence we can select a subsequence of p;s, o 7"
which converges in Hy, then a subsubsequence such that p;s, o qﬁi_l fori=1,2
converge etc. arriving at a subsequence of s,, which converges in Wy.

A differential operator L mapping sections of E into sections of F is an
operator whose local expression (in terms of a trivialization and a coordinate
chart) has the form

Ls = Z ap(z)DPs

[p|<m

Here the @, are linear maps (or matrices if our trivializations are in terms of
R™).

Under changes of coordinates and trivializations the change in the coefficients
are rather complicated, but the symbol of the differential operator

o(L)(€) = Y ap(a)e? EeT M,

[p|=m

is well defined.
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If we put a Riemann metric on the manifold, we can talk about the length
|€] of any cotangent vector.

If L is a differential operator from E to itself (i.e. F=FE) we shall call L
even elliptic if m is even and there exists some constant C' such that

(v,0(L)(€)v) = Cle|™v]?

foral z € M, v € E,, £ € T*M, and ( , ) denotes the scalar product on
FE,. Garding’s inequality holds. Indeed, locally, this is just a restatement of
the (vector valued version) of Garding’s inequality that we have already proved
for the torus. But Stage 4 in the proof extends unchanged (other than the
replacement of scalar valued functions by vector valued functions) to the more
general case.

2.10 Example: Hodge theory.

We assume knowledge of the basic facts about differentiable manifolds, in par-
ticular the existence of an operator d : QF — QFF! with its usual properties,
where QF denotes the space of exterior k-forms. Also, if M is orientable and
carries a Riemann metric then the Riemann metric induces a scalar product on
the exterior powers of T*M and also picks out a volume form. So there is an
induced scalar product (, ) = (, )x on QF and a formal adjoint & of d

5: QF - QF!

and satisfies
(dip, 9) = (¢,69)
where ¢ is a (k + 1)-form and ¥ is a k-form. Then

A:=dd+dd
is a second order differential operator on QF and satisfies

(A, ¢) = [ldg||* + ||69]>

where ||6]||> = (¢, ¢) is the intrinsic Ly norm (so || || = || [jo in terms of the
notation of the preceding section). Furthermore, if
¢= ¢rda’
T

is a local expression for the differential form ¢, where
de’ =dx;, Ao Nday, T = (in,..., i)

then a local expression for A is

. 6§/)[
—_ 13
Ap==> 9 00z
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where N ‘ ‘
g7 = (dz’,da?)

and the --- are lower order derivatives. In particular A is elliptic.
Let ¢ € Q* and suppose that

de = 0.
Let C(¢), the cohomology class of ¢ be the set of all ¢ € QF which satisfy
¢—1p=da, aecQF!

and let -
C(o)

denote the closure of C in the Ly norm. It is a closed subspace of the Hilbert
space obtained by completing QF relative to its Lo norm. Let us denote this
space by L%, so C(¢) is a closed subspace of L.

Proposition 2.10.1 If ¢ € QF and d¢ = 0, there exists a unique T € C(¢) such
that

Il <9l v ¢ eCle)

Furthermore, T is smooth,and
dr=0 and 6t =0.

If choose a minimizing sequence for ||¥|| in C(9).

If we choose a minimizing sequence for |[¢|| in C(¢) we know it is Cauchy, cf.
the proof of the existence of orthogonal projections in a Hilbert space. So we
know that 7 exists and is unique. For any a € QF+! we have

(1,0a) = lim(¥, dar) = lim(dy, ) = 0

as 1 ranges over a minimizing sequence. The equation (7,da) = 0 for all
a € QFF! says that 7 is a weak solution of the equation dr = 0.
We claim that
(r,dB) =0 V pecQF!

which says that 7 is a weak solution of d7 = 0. Indeed, for any ¢ € R,
711> < 7+ tds||* = ||I7]1* + £[|dB|)* + 2¢(7, dB)
SO
—2t(r,dpB) < ¢*||dB||*.
If (7,dB) # 0, we can choose

(1, dp)

N Ik

e>0
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SO
|(m,dB)| < €|dp|*.
As € is arbitrary, this implies that (7,dg) = 0.

So (7, Av) = (7,[dd + dd]p) = 0 for any ¢ € QF. Hence 7 is a weak solution
of A7 = 0 and so is smooth. The space H* of weak, and hence smooth solutions
of A7 = 0 is finite dimensional by the general theory. It is called the space
of Harmonic forms. We have seen that there is a unique harmonic form in
the cohomology class of any closed form, s the cohomology groups are finite
dimensional. In fact, the general theory tells us that

L5 P E}
A

(Hilbert space direct sum) where Ef is the eigenspace with eigenvalue A of A.
Each E) is finite dimensional and consists of smooth forms, and the A\ — oo.
The eigenspace E} is just H*, the space of harmonic forms. Also, since

(D¢, 0) = [ldo]* + [[6¢]1®

we know that all the eigenvalues A are non-negative.
Since dA = d(dd + dd) = dod = Ad, we see that

d: Ey — EN*

and similarly

o E§ — E];_l.
For A # 0, if ¢ € E¥ and d¢ = 0, then A\¢p = A¢p = dd¢ so ¢ = d(1/\)d¢ so d
restricted to the E) is exact, and similarly so is §. Furthermore, on &, E’; we

have
M =A=(d+6)?
so we have
Ef =dEY ' @ BT

and this decomposition is orthogonal since (de,§3) = (d?a, 3) = 0.
As a first consequence we see that

LY = H* @ dQF—1 g 6Qk—1

(the Hodge decomposition). If H denotes projection onto the first component,
then A is invertible on the image of I — H with a an inverse there which is
compact. So if we let N denote this inverse on im I — H and set N = 0 on H*
we get

AN = I-H
Nd = dN
ON = No
AN = NA

NH = 0
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which are the fundamental assertions of Hodge theory, together with the asser-
tion proved above that H¢ is the unique minimizing element in its cohomology
class.

We have seen that

d+6: @ E¥ - @ E3**! s an isomorphism for A # 0 (2.39)
k k

which of course implies that

> (-1)Fdim Ef =0
k

This shows that the index of the operator d + & acting on @ L5 is the Euler
characteristic of the manifold. (The index of any operator is the difference
between the dimensions of the kernel and cokernel).

Let Py » denote the projection of L% onto E’)f So

e—tA — E E_Atpk;,)\

is the solution of the heat equation on L&. As t — oo this approaches the
operator H projecting L5 onto Hj. Letting A denote the operator A on L

we see that
tre tAr = Ze*)"“

where the sum is over all eigenvalues \; of Ay counted with multiplicity. It
follows from (2.39) that the alternating sum over k of the corresponding sum
over non-zero eigenvalues vanishes. Hence

Y (=DF et = x (M)

is independent of ¢. The index theorem computes this trace for small values of
t in terms of local geometric invariants.

The operator d + § is an example of a Dirac operator whose general defi-
nition we will not give here. The corresponding assertion and local evaluation
is the content of the celebrated Atiyah-Singer index theorem, one of the most
important theorems discovered in the twentieth century.

2.11 The resolvent.

In order to connect what we have done here notation that will come later, it is
convenient to let A = —L so that now the operator

(2 — A"

is compact as an operator on Hy for z sufficiently negative. (I have dropped the
tm which should come in front of this expression.) The operator A now has only
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finitely many positive eigenvalues, with the corresponding spaces of eigenvectors
being finite dimensional. In fact, the eigenvectors A, = A\,(A) (counted with
multiplicity) approach —oo as n — oo and the operator (21 — A)~! exists and
is a bounded (in fact compact) operator so long as z # A, for any n. Indeed,
we can write any u € Hy as
u = Z an¢n
n

where ¢,, is an eigenvector of A with eigenvalue \,, and the ¢ form an orthonor-
mal basis of Hy. Then

1
I—-A)tu= ——— U On.
(z ) u Zz_)\nada

The operator (21 — A)~! is called the resolvent of A at the point z and denoted
by
R(z,A)

or simply by R(z) if A is fixed. So
R(z,A) := (2 — A)™*

for those values of z € C for which the right hand side is defined.
If z and are complex numbers with Rez > Rea, then the integral

o0
/ e—Zteatdt
0

converges, and we can evaluate it as

1 oo
= / e *tedt.
z—a o

If Rez is greater than the largest of the eigenvalues of A we can write

R(z,A)z/ e *tetAdt
0

where we may interpret this equation as a shorthand for doing the integral for
the coefficient of each eigenvector, as above, or as an actual operator valued
integral. We will spend a lot of time later on in this course generalizing this
formula and deriving many consequences from it.



Chapter 3

The Fourier Transform.

3.1 Conventions, especially about 27.

The space S consists of all functions on mathbbR which are infinitely differ-
entiable and vanish at infinity rapidly with all their derivatives in the sense
that

| fllmn = sup{|z™ ™) ()|} < oc.

The || - ||m,» give a family of semi-norms on & making S into a Frechet space -
that is, a vector space space whose topology is determined by a countable family
of semi-norms. More about this later in the course. We use the measure

L d
——dx
V2T

on R and so define the Fourier transform of an element of S by

f6) = o= [ flae =t
and the convolution of two elements of S by
1
(F+0)e) == o= [ f@=ng)ar
The Fourier transform is well defined on S and

() rn]=wom (£) 4

as follows by differentiation under the integral sign and by integration by parts.
This shows that the Fourier transform maps S to S.
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3.2 Convolution goes to multiplication.

%//f(x—t)g(t)dxe_mgdx
_ % / / Fw)g(t)e= 08 duds

T ot
- ﬁ%4ﬂ> d%héaw dt

(f xgy = fg.

(f *g)(E)

SO

3.3 Scaling.

For any f € S and a > 0 define S, f by (S,)f(z) := f(az). Then setting u = ax
so dx = (1/a)du we have

I - L ax)e” " dg
(5.6 = = | flamyea

_ L @) F(uw)e—E/D gy
= o= | /ae e

(Safy = (1/a)S1/af.

SO

3.4 Fourier transform of a Gaussian is a Gaus-
sian.

The polar coordinate trick evaluates

/20y = 1.

7

1 2
—z /27:1:77d
& X
\/27T /R

converges for all complex values of 7, uniformly in any compact region. Hence
it defines an analytic function of 7 that can be evaluated by taking n to be real
and then using analytic continuation. For real n we complete the square and
make a change of variables:

1 2 1
—x /Q—mnd — /
— (& X — e
V2T /R Vv2r Jr

2 1 2
_ o2 L / o= (E+0)?/2 4
V21 Jr

— /2

The integral

—(z+n)?/240°/2 g,
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Setting n = i€ gives
n=mn ifn(z):= e 2,

If we set a = € in our scaling equation and define

SO
Pe (I) = 6762z2/25
then

) 1 2
(peJ(a) = e~/

Notice that for any g € S we have

/ (1/a)(S1/ag)(€)de = / 9(€)de
R R

so setting a = € we conclude that

for all e.
Let

Y= = (p1)

and
P 1= (pe)A
Then
_ L. m

veln) = < ()

SO

1 1 /n
ex ) = (€)= <= [ lote =) —o©) 2w (2) dn =

1
- /R [9(E — <€) — g(O1O)dC.
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Since g € § it is uniformly continuous on R, so that for any § > 0 we can find
€0 so that the above integral is less than § in absolute value for all 0 < € < €.

In short,
e xg —glloo = 0, ase— 0.
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3.5 The multiplication formula.

This says that
[ F@gta)ds = [ fa)ia)ds
R R

for any f,g € S. Indeed the left hand side equals

V%/E{/Rf(y)f”ydyg(x)dx.

We can write this integral as a double integral and then interchange the order
of integration which gives the right hand side.
3.6 The inversion formula.

This says that for any f € S

S B
mwmﬁmda

To prove this, we first observe that for any h € S the Fourier transform of
x — e h(x) is just £ — h(& —n) as follows directly from the definition.

ite ,—e?a? )2

Taking g(x) = e'**e

i R eitm6762t2/2 _ i —r — * T
= [ 7w it =—= [ fOblt =)t = (Fv0(a).

—€2t%/2

in the multiplication formula gives

We know that the right hand side approaches f(x) as e — 0. Also, e —1
for each fixed ¢, and in fact uniformly on any bounded ¢ interval. Furthermore,
0<e<t/2<1forallt. So choosing the interval of integration large enough,
we can take the left hand side as close as we like to \/% Jg f(2)e™tdt by then

choosing e sufficiently small. QED

3.7 Plancherel’s theorem

Let

f(2) = T=a).

Then the Fourier transform of f is given by

1 Fl—x)e @y = L w)e'du =
@%ﬂ>d MAMd 7©)

SO

Thus
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The inversion formula applied to f f and evaluated at 0 gives

(12 F)0) = o= [ 17

The left hand side of this equation is

i 1~~—;L~;5:i (Ezl'
m/Rf()f(O ) m/R|f<>|d.

Thus we have proved Plancherel’s formula

1 9, 1 o) 2da
—= | r@pPds = o= [ )P

Define L2(R) to be the completion of S with respect to the Ly norm given by
the left hand side of the above equation. Since S is dense in Ly (R) we conclude
that the Fourier transform extends to unitary isomorphism of Lo(R) onto itself.

3.8 The Poisson summation formula.

This says that for any g € S we have

3 g2nk) = —= 3 gm)
k m

To prove this let

h(z) =Y gz + 2rk)

k
so h is a smooth function, periodic of period 27 and

h(0) = Zg(%rk).
k
We may expand h into a Fourier series
h(z) = Z ame ™
where

I » 1 » I
O = — h(z)e """ dx = —/ g(x)e™"™dx = ——=g(m).
2m Jy 2m Jgr

Setting = 0 in the Fourier expansion

imax

1 N
h(z) = E E g(m)e
gives

(0) = =3 a(m).
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3.9 The Shannon sampling theorem.

Let f € S be such that its Fourier transform is supported in the interval [—7, 7].
Then a knowledge of f(n) for all n € Z determines f. More explicitly,

Z fn sm7r t)' 3.1)

Proof. Let g be the periodic function (of period 27) which extends f, the
Fourier transform of f. So

and is periodic.
Expand g into a Fourier series:

neZ

where
_i T ()—inrd _i oof()—in‘rd
n =5 _ﬂgTe T=o- N T)e T,
or 1
Cp = -n

(%)%f( )

But

f(t) = — /_0o f(r)et dr = (2;)5 /_’;Q(T)eitTdT:

(2m)= / Z 277 lf Z(”“ .

Replacing n by —n in the sum, and interchanging summation and integration,
which is legitimate since the f(n) decrease very fast, this becomes

t) = % Zf(n) /j =T gr,

But

T i(t—n)T |T
/ ez(tfn)‘rdT _ 6
o i(t—mn)|_

It is useful to reformulate this via rescaling so that the interval [—m, ] is
replaced by an arbitrary interval symmetric about the origin: In the engineering
literature the frequency A is defined by

_ ei(tfn.)fr _ eilt—n)m _ 2sin m(n — t). QED
i(t—n) n—t

™

&=2mA.
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Suppose we want to apply (3.1) to g = S, f. We know that the Fourier transform
of g is (1/a)S1/qf and
supp S1/qf = asupp f.
So if
supp f C [—27A¢, 27A,]
we want to choose a so that a2w )\, < 7 or

1

< .
“=9oN

(3.2)

For a in this range (3.1) says that
1 sinm(z — n)
flar) = =3 fn) ™,

or setting ¢t = ax,
sin(Z(t — na)

f(t) = Z f(na)ﬁ- (3.3)

This holds in Ly under the assumption that f satisfies supp f C [-27 e, 2T
We say that f has finite bandwidth or is bandlimited with bandlimit ..
The critical value a. = 1/2\. is known as the Nyquist sampling interval
and (1/a) = 2. is known as the Nyquist sampling rate. Thus the Shannon
sampling theorem says that a band-limited signal can be recovered completely
from a set of samples taken at a rate > the Nyquist sampling rate.
3.10 The Heisenberg Uncertainty Principle.
Let f € S(R) with

[1s@pds =1

We can think of 2 — |f(z)|? as a probability density on the line. The mean of
this probability density is

Ty 1= /x\f(x)|2dx

If we take the Fourier transform, then Plancherel says that

/ F©)de =1

as well, so it defines a probability density with mean

b = / €lf(e)[de.
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Suppose for the moment that these means both vanish. The Heisenberg Un-
certainty Principle says that

([1esr@ras) ([ ieferde) = .

Proof. Write —i{f(£) as the Fourier transform of f’ and use Plancherel to
write the second integral as [ |f’(z)|*dz. Then the Cauchy - Schwarz inequality
says that the left hand side is > the square of

[l @jas = \ / Re(f (2) F/(z))d

‘ [ @+ T i

;‘/fvdxflzd \/m o

If f has norm one but the mean of the probability density |f|? is not necessar-
ily of zero (and similarly for for its Fourier transform) the Heisenberg uncertainty
principle says that

(/l —m)f lda:)(/lﬁfm |d§>i

The general case is reduced to the special case by replacing f(x) by

QED

1
2

flx+ xm)eigmm.

3.11 Tempered distributions.

The space S was defined to be the collection of all smooth functions on R such
that

1 £llsnn = sup{|z"™ f* ()]} < co.

The collection of these norms define a topology on & which is much finer that
the Ly topology: We declare that a sequence of functions { fi } approaches g € S
if and only if

Ifx = gllmm — 0

for every m and n.

A linear function on & which is continuous with respect to this topology is
called a tempered distribution.

The space of tempered distributions is denoted by S’. For example, every
element f € S defines a linear function on S by

1
0 (0.1) = o= [ 6@ Fw)ds
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But this last expression makes sense for any element f € Lo(R), or for any
piecewise continuous function f which grows at infinity no faster than any poly-
nomial. For example, if f = 1, the linear function associated to f assigns to ¢

the value )
—_— dx.
= [ olayis

This is clearly continuous with respect to the topology of & but this function of
¢ does not make sense for a general element ¢ of Lo(R).

Another example of an element of S’ is the Dirac §-function which assigns
to ¢ € S its value at 0. This is an element of &’ but makes no sense when
evaluated on a general element of Lo(R).

If f € S, then the Plancherel formula formula implies that its Fourier trans-
form F(f) = f satisfies

(¢, f) = (F(9), F(£))-

But we can now use this equation to define the Fourier transform of an arbitrary
element of §": If £ € 8’ we define F(¢) to be the linear function

3.11.1 Examples of Fourier transforms of elements of S'.

e If / corresponds to the function f =1, then

FO)W) = %2? / (FL)(E)de = F (F14) (0) = 1(0).

So the Fourier transform of the function which is identically one is the
Dirac d-function.

e If § denotes the Dirac J-function, then

FOW) =8 0) = (7 @) 0 = —= [ v

So the Fourier transform of the Dirac § function is the function which is
identically one.

e In fact, this last example follows from the preceding one: If m = F(¥)
then

But
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e The Fourier transform of the function z: This assigns to every ¢ € S the

value
w:E 2935 _
ﬁ/d) xdédr = ﬁ/w —5 )dfdx

A (40 0-o(5)

Now for an element of S we have

L e e [
So we define the derivative of an £ € S8’ by
arl d¢
Go=t(-2).

So the Fourier transform of z is —135




Chapter 4

Measure theory.

4.1 Lebesgue outer measure.

We recall some results from the chapter on metric spaces: For any subset A C R
we defined its Lebesgue outer measure by

m*(A) := ianf([n) : I, are intervals with A C UI"' (4.1)

Here the length ¢(I) of any interval I = [a,b] is b — a with the same definition
for half open intervals (a,b] or [a,b), or open intervals. Of course if a = —o0
and b is finite or 400, or if a is finite and b = 400 the length is infinite. So the
infimum in (4.1) is taken over all covers of A by intervals. By the usual €/2"
trick, i.e. by replacing each I; = [a;,b;] by (a; — €/27F1, b; + €/27%1) we may
assume that the infimum is taken over open intervals. (Equally well, we could
use half open intervals of the form [a, b), for example.).

It is clear that if A C B then m*(A) < m*(B) since any cover of B by
intervals is a cover of A. Also, if Z is any set of measure zero, then m*(AUZ) =
m*(A). In particular, m*(Z) = 0 if Z has measure zero. Also, if A = [a,b] is an
interval, then we can cover it by itself, so

m*([a,b]) < b—a,

and hence the same is true for (a,bl, [a,b), or (a,b). If the interval is infinite, it
clearly can not be covered by a set of intervals whose total length is finite, since
if we lined them up with end points touching they could not cover an infinite
interval. We recall the proof that

m*(I) = ¢(I) (4.2)

if I is a finite interval: We may assume that I = [¢,d] is a closed interval by
what we have already said, and that the minimization in (4.1) is with respect
to a cover by open intervals. So what we must show is that if

e, d] C U(ai,bi)

95
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then

d—CS Z(bz —ai).

We first applied Heine-Borel to replace the countable cover by a finite cover.
(This only decreases the right hand side of preceding inequality.) So let n be
the number of elements in the cover. We needed to prove that if

n

[e,d] C U(ai,bi) then d — ¢ < i(bz —a;),

i=1 i=1

and we did this this by induction on n. If n = 1 then a; < ¢ and b; > d so
clearly by —a; > d —c.

Suppose that n > 2 and we know the result for all covers (of all intervals
[c,d] ) with at most n — 1 intervals in the cover. If some interval (a;,b;) is
disjoint from [c, d] we may eliminate it from the cover, and then we are in the
case of n — 1 intervals. So every (a;,b;) has non-empty intersection with [, d].
Among the the intervals (a;,b;) there will be one for which a; takes on the
minimum possible value. By relabeling, we may assume that this is (a1, b1).
Since c is covered, we must have a3 < ¢. If by > d then (aq,by) covers [c,d] and
there is nothing further to do. So assume b; < d. We must have b; > ¢ since
(a1,b1) N[c,d] # 0. Since by € [c,d], at least one of the intervals (a;,b;), 7 > 1
contains the point b;. By relabeling, we may assume that it is (as, b2). But now
we have a cover of [¢,d] by n — 1 intervals:

-

Il
w

[C, d] - (al, bg) U (G,i, bz)

7

So by induction

d—CS(bQ—al)-i- (bz—az)
i=3
But by —a; < (bg — ag) + (bl — al) since as < b;. QED

We repeat that the intervals used in (4.1) could be taken as open, closed or
half open without changing the definition. If we take them all to be half open,
of the form I; = [a;,b;), we can write each I; as a disjoint union of finite or
countably many intervals each of length < e. So it makes no difference to the
definition if we also require the

N

0I;) < e (4.3)

in (4.1). We will see that when we pass to other types of measures this will
make a difference.
We have verified, or can easily verify the following properties:

1.
m* (@) = 0.
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AC B=m"(A) <m"(B).

m* ([ J4) <D m*(4).

i i
4. If dist (A, B) > 0 then

m*(AU B) =m*(A) + m*(B).

m*(A) = inf{m*(U): U D> A, U open}.

6. For an interval

The only items that we have not done already are items 4 and 5. But these are
immediate: for 4 we may choose the intervals in (4.1) all to have length < ¢
where 2¢ < dist (A, B) so that there is no overlap. As for item 5, we know from
2 that m*(A) < m*(U) for any set U, in particular for any open set U which
contains A. We must prove the reverse inequality: if m*(A) = oo this is trivial.
Otherwise, we may take the intervals in (4.1) to be open and then the union on
the right is an open set whose Lebesgue outer measure is less than m*(A4) + &
for any § > 0 if we choose a close enough approximation to the infimum.

I should also add that all the above works for R™ instead of R if we replace
the word “interval” by “rectangle”, meaning a rectangular parallelepiped, i.e a
set which is a product of one dimensional intervals. We also replace length by
volume (or area in two dimensions). What is needed is the following

Lemma 4.1.1 Let C be a finite non-overlapping collection of closed rectangles
all contained in the closed rectangle J. Then

vol J > Zvol 1.
IeC

If C is any finite collection of rectangles such that

Jcyr
IeC
then
vol J < Z vol (I).
IeC
This lemma occurs on page 1 of Strook, A concise introduction to the theory of
integration together with its proof. I will take this for granted. In the next few

paragraphs I will talk as if we are in R, but everything goes through unchanged
if R is replaced by R™.
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4.2 Lebesgue inner measure.

Item 5. in the preceding paragraph says that the Lebesgue outer measure of
any set is obtained by approximating it from the outside by open sets. The
Lebesgue inner measure is defined as

m.(A) =sup{m*(K): K C A, K compact }. (4.4)
Clearly
m.(A) <m*(A)
since m*(K) < m*(A) for any K C A. We also have

Proposition 4.2.1 For any interval I we have
ma (1) =£(I). (4.5)

Proof. If /(I) = co the result is obvious. So we may assume that I is a finite
interval which we may assume to be open, I = (a,b). If K C I is compact, then
I is a cover of K and hence from the definition of outer measure m*(K) < £(I).
So m.(I) < £(I). On the other hand, for any € > 0, € < (b — a) the interval
[a + €,b— €] is compact and m*([a — €,a 4+ €]) = b — a — 2¢ < m,(I). Letting
€ — 0 proves the proposition. QED

4.3 Lebesgue’s definition of measurability.
A set A with m*(A) < oo is said to measurable in the sense of Lebesgue if
m.(A) =m*(A). (4.6)
If A is measurable in the sense of Lebesgue, we write
m(A) = m.(A4) = m*(A). (4.7)

If K is a compact set, then m,(K) = m*(K) since K is a compact set con-
tained in itself. Hence all compact sets are measurable in the sense of Lebesgue.
If I is a bounded interval, then I is measurable in the sense of Lebesgue by
Proposition 4.2.1.

If m*(A) = oo, we say that A is measurable in the sense of Lebesgue if all
of the sets AN [—n,n| are measurable.

Proposition 4.3.1 If A =J A; is a (finite or) countable disjoint union of sets
which are measurable in the sense of Lebesqgue, then A is measurable in the sense
of Lebesgue and

m(A) =) m(A).

%
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Proof. We may assume that m(A) < oo - otherwise apply the result to AN
[-n,n] and A; N [—n,n] for each n. We have

m*(A) <> m(Ay) = m(Ay).

n

Let € > 0, and for each n choose compact K, C A, with

€ €

m*(Kn) 2 m.(An) = 57 = m(An) = 5o

since A, is measurable in the sense of Lebesgue. The sets K, are pairwise
disjoint, hence, being compact, at positive distances from one another. Hence

m*(KyU---UK,)=m"(Ky)+ - +m*(K,)
and Ky U---U K, is compact and contained in A. Hence
my(A) > m*(Ky) + - +m*(K,),
and since this is true for all n we have

m.(A) > m(A,) —e
Since this is true for all € > 0 we get

But then m,(A4) > m*(A) and so they are equal, so A is measurable in the sense
of Lebesgue, and m(A) = > m(4;). QED

Proposition 4.3.2 Open sets and closed sets are measurable in the sense of
Lebesgue.

Proof. Any open set O can be written as the countable union of open intervals
I;, and

n—1
%:Q\Ub
i=1

is a disjoint union of intervals (some open, some closed, some half open) and O
is the disjont union of the J,,. So every open set is a disjoint union of intervals
hence measurable in the sense of Lebesgue.

If F is closed, and m*(F) = oo, then F'N[—n,n] is compact, and so F is
measurable in the sense of Lebesgue. Suppose that

m*(F) < oo.



100 CHAPTER 4. MEASURE THEORY.

For any € > 0 consider the sets

€

€

Gie = [Fl+ 5. 1-5InF
€ €

Gre = (2455, ~UNF)U([1L,2 - 5]NF)
€ €

Goe = (F3+57-2NF)U(23- 5]NF)

and set

Ge = UGi,e.

The G; . are all compact, and hence measurable in the sense of Lebesgue, and
the union in the definition of G, is disjoint, so is measurable in the sense of
Lebesgue. Furthermore, the sum of the lengths of the “gaps” between the
intervals that went into the definition of the G  is €. So

m(Ge) +e=m"(Ge) + € > m*(F) >m*(G.) = m(Ge) = Zm(G”)

In particular, the sum on the right converges, and hence by considering a finite
number of terms, we will have a finite sum whose value is at least m(G¢) — €.
The corresponding union of sets will be a compact set K. contained in F with

m(K) > m*(F) — 2e.
Hence all closed sets are measurable in the sense of Lebesgue. QED

Theorem 4.3.1 A is measurable in the sense of Lebesgue if and only if for
every € > 0 there is an open set U D A and a closed set F' C A such that

m(U\ F) <e.

Proof. Suppose that A is measurable in the sense of Lebesgue with m(A4) < oo.
Then there is an open set U D A with m(U) < m*(A) +¢/2 = m(A) +¢/2, and
there is a compact set F C A with m(F) > m.(A) — e = m(A) — €/2. Since
U\ F is open, it is measurable in the sense of Lebesgue, and so is F as it is
compact. Also F' and U \ F are disjoint. Hence by Proposition 4.3.1,

MU\ F) = m(U) = m(F) < m(4) + 5 - (m(a) - %) —c
If A is measurable in the sense of Lebesgue, and m(A) = oo, we can apply
the above to A N I where I is any compact interval. So we can find open
sets U, D AN[—n — 25,11, + 26,41] and closed sets F,, C AN [—n,n] with
m(U, \ F) < €/2". Here the §,, are sufficiently small positive numbers. We
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may enlarge each F), if necessary so that F, N [-n+1,n—1] D F,_;. We may
also decrease the U, if necessary so that

U,N(—n+1—06,n—1+0,) CU,_1.

Indeed, if we set Cp, :=[-n+1—0p,n — 14 0,]NUS_; then C, is a closed set
with C,, N A = (. Then U,, N C¢ is still an open set containing [—n — 28,,+1,n +
26541) N A and

UnnCi)Nn(—n+1—=6p,n—140,) CCinN(—n+1—38,,n—140,) C Up_1.
Take U :=JU, so U is open. Take
Fo=JF. 0 ([=n,—n + 11U [n - 1,n))).
Then F' is closed, U D A D F and
U\F c|JWn/Fo)n([=n,—n+1]Un—1,n])) € | JUa \ Fn)

In the other direction, suppose that for each e, there exist U D A D F with
m(U \ F) < e. Suppose that m*(A) < oo. Then m(F) < oo and m(U) <
m(U\ F) +m(F) < e+ m(F) < co. Then

m*(A) <m(U) <m(F)+e=m.(F)+e<m,(A4) +e

Since this is true for every € > 0 we conclude that m.(A4) > m*(A) so they are
equal and A is measurable in the sense of Lebesgue.
If m*(A) = oo, we have UN(—n —€,n+¢) D AN[—n,n] D FN[—n,n] and

m((UN(—n—en+e)\ (FN[-n,n]) <2+ €= 3¢

so we can proceed as before to conclude that m.(AN[—n,n]) = m*(AN[—n,n]).
QED
Several facts emerge immediately from this theorem:

Proposition 4.3.3 If A is measurable in the sense of Lebesque, so is its com-
plement A° = R\ A.

Indeed, if ' ¢ A C U with F closed and U open, then F°¢ D A° D U¢ with F°
open and U¢ closed. Furthermore, F°\U°® = U\ F so if A satisfies the condition
of the theorem so does A°€.

Proposition 4.3.4 If A and B are measurable in the sense of Lebesgue so is
ANB.

For € > 0 choose Uy D A D Fa and Ug D B D Fp with m(Us \ Fa) <
€/2 and m(Ug \ Fg) < ¢/2. Then (U4 NUp) D (AN B) D (Fan Fp) and
(UAQUB)\(FAﬂFB) C (UA\FA)U(UB\FB).QED

Putting the previous two propositions together gives
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Proposition 4.3.5 If A and B are measurable in the sense of Lebesgue then
so is AU B.

Indeed, AU B = (AN B°)°.

Since A\ B = AN B¢ we also get

Proposition 4.3.6 If A and B are measurable in the sense of Lebesque then
sois A\ B.

4.4 Caratheodory’s definition of measurability.

A set E C R is said to be measurable according to Caratheodory if for
any set A C R we have

m*(A) = m* (AN E) +m* (AN E°) (4.8)

where we recall that £ denotes the complement of E. In other words, ANE°¢ =
A\ E. This definition has many advantages, as we shall see. Our first task is
to show that it is equivalent to Lebesgue’s:

Theorem 4.4.1 A set E is measurable in the sense of Caratheodory if and only
if it is measurable in the sense of Lebesgue.

Proof. We always have
m*(A) <m*(ANE)+m*(A\ E)
so condition (4.8) is equivalent to
m* (ANE)+m*(A\ E) <m*(A) (4.9)

for all A.

Suppose E is measurable in the sense of Lebesgue. Let ¢ > 0. Choose
U D> E D F with U open, F closed and m(U/F) < e which we can do by
Theorem 4.3.1. Let V be an open set containing A. Then A\ E C V' \ F and
ANEcC(VNU)so

m*(A\E)+m*(ANE) < m(V\F)+m(VNnU)

< m(V\NU)+m(U\F)+m(VNnU)
< m(V)+e

(We can pass from the second line to the third since both V'\ U and V NU
are measurable in the sense of Lebesgue and we can apply Proposition 4.3.1.)
Taking the infimum over all open V' containing A, the last term becomes m*(A),
and as ¢ is arbitrary, we have established (4.9) showing that E is measurable in
the sense of Caratheodory.
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In the other direction, suppose that F is measurable in the sense of Caratheodory.
First suppose that
m*(E) < .

Then for any € > 0 there exists an open set U D E with m(U) < m*(E) + e.
We may apply condition (4.8) to A = U to get

m(U) = m*(U N E) +m*(U \ E) = m*(E) +m*(U \ E)

m*(U\ E) < e.

This means that there is an open set V' O (U \ E) with m(V) < e. But we know
that U \ V is measurable in the sense of Lebesgue, since U and V are, and

m(U) <m((V)+m(U\V)

mU\ V) > m(U) —e.

So there is a closed set F' C U\ V with m(F) > m(U) —e. But since VD> U\ E,
we have U\V CE. So FCE. So F C ECU and

m({U\ F)=m({U) —m(F) <e.

Hence F is measurable in the sense of Lebesgue.

If m(FE) = oo, we must show that E N [—n,n| is measurable in the sense of
Caratheodory, for then it is measurable in the sense of Lebesgue from what we
already know. We know that the interval [—n, n] itself, being measurable in the
sense of Lebesgue, is measurable in the sense of Caratheodory. So we will have
completed the proof of the theorem if we show that the intersection of E with
[—n,n] is measurable in the sense of Caratheodory.

More generally, we will show that the union or intersection of two sets which
are measurable in the sense of Caratheodory is again measurable in the sense
of Caratheodory. Notice that the definition (4.8) is symmetric in E and E° so
if F is measurable in the sense of Caratheodory so is E°. So it suffices to prove
the next lemma to complete the proof.

Lemma 4.4.1 If E1 and Ey are measurable in the sense of Caratheodory so is
EiUE;.

For any set A we have
m*(A) =m* (AN E) + m*(AN EY)
by (4.8) applied to E;. Applying (4.8) to AN E{ and Es gives

m*(ANE]) =m"(ANE{N E;) + m*" (AN E{NE3).
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Substituting this back into the preceding equation gives
m*(A) =m* (AN Ey) +m"(ANE{ N Ey) + m" (AN Ef N ES). (4.10)
Since E{ N ES = (Ey U E3)¢ we can write this as
m* (A) =m" (AN Ey) +m"(ANE{N Ey) + m" (AN (E1 U Ey)°).
Now AN(EyUE;) =(ANE)U(AN(ESNE;) so
m* (ANEy) +m*(ANE{NE) >m*(AN (B U Ey)).

Substituting this for the two terms on the right of the previous displayed equa-
tion gives

m*(A) > m* (AN (B U o)) +m* (AN (B U Ey)°)

which is just (4.9) for the set F4 U E5. This proves the lemma and the theorem.

We let M denote the class of measurable subsets of R - “measurability”
in the sense of Lebesgue or Caratheodory these being equivalent. Notice by
induction starting with two terms as in the lemma, that any finite union of sets
in M is again in M

4.5 Countable additivity.

The first main theorem in the subject is the following description of M and the
function m on it:

Theorem 4.5.1 M and the function m : M — R have the following properties:
e Re M.
e e M= E°e M.

If E,, € M forn=1,2,3,... then ,, E,, € M.

If F,, € M and the F, are pairwise disjoint, then F :=J, F,, € M and

m(F) =Y m(F,).

n=1

Proof. We already know the first two items on the list, and we know that a
finite union of sets in M is again in M. We also know the last assertion which
is Proposition 4.3.1. But it will be instructive and useful for us to have a proof
starting directly from Caratheodory’s definition of measurablity:

If 1 e M, F, € M and Fy N Fy = () then taking

A=FRUF, Ei=F, EB=F
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in (4.10) gives
m(Fy U Fy) = m(Fy) + m(Fy).

Induction then shows that if Fi, ..., F}, are pairwise disjoint elements of M then
their union belongs to M and

More generally, if we let A be arbitrary and take Fy = Fy, Ey = F5 in (4.10)
we get

m* (A) =m* (AN F) +m*(ANFy) +m* (AN (Fy U F)°).

If F3 € M is disjoint from F; and F we may apply (4.8) with A replaced by
AN (F;UFy)° and E by F5 to get

m*(A n (F1 U FQ)C)) = m*(Aﬁ Fg) +m*(Aﬂ (Fl U U Fg)c),

since
(RUR)NF=FNFsNF;=(FUFRUF;)°.

Substituting this back into the preceding equation gives
m* (A) =m (AN F)+m" (AN F2) + m* (AN Fs5) + m" (AN (F1 U Fy U F5)°).

Proceeding inductively, we conclude that if Fy,..., F, are pairwise disjoint ele-
ments of M then

m*(A) :zn:m*(AﬂFZ-)er*(Aﬂ(F1U-~-UFn)C). (4.11)

Now suppose that we have a countable family {F;} of pairwise disjoint sets

i=1 =1

we conclude from (4.11) that

m*(A) > zn:m*(AOFi) +m* (An (D F) )

=1

and hence passing to the limit

oo 00 C
m*(A) > > m*(ANF;) +m* (A N (U F) ) .
1 i=1
Now given any collection of sets By, we can find intervals {I ;} with

By C UIkJ
J
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and c
j
So
UBk - UIk’j
k k,j
and hence

m* (U Be) <Y m*(By),
the inequality being trivially true if the sum on the right is infinite. So
i=1 i=1

Thus

i=1

o (G) o o 0))

The extreme right of this inequality is the left hand side of (4.9) applied to
E=JF,

and so E € M and the preceding string of inequalities must be equalities since
the middle is trapped between both sides which must be equal. Hence we have
proved that if F), is a disjoint countable family of sets belonging to M then
their union belongs to M and

m*(A) =Y m (AN F) +m" (Am (G F) ) (4.12)
P =1

7

If we take A = |J F; we conclude that

m(F) = m(F,) (4.13)

if the F; are disjoint and
F=JF;.

So we have reproved the last assertion of the theorem using Caratheodory’s
definition. For the third assertion, we need only observe that a countable union
of sets in M can be always written as a countable disjoint union of sets in M.
Indeed, set

F1 Z:El, F2 = EQ\El :ElﬂES
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F3 = E3 \ (El U Eg)

etc. The right hand sides all belong to M since M is closed under taking
complements and finite unions and hence intersections, and

QE:U@

We have completed the proof of the theorem.
A number of easy consequences follow: The symmetric difference between
two sets is the set of points belonging to one or the other but not both:

AAB = (A\ B)U (B A).

Proposition 4.5.1 If A € M and m(AAB) = 0 then B € M and m(A) =
m(B).

Proof. By assumption A \ B has measure zero (and hence is measurable)
since it is contained in the set AAB which is assumed to have measure zero.
Similarly for B\ A. Also (AN B) € M since

ANB=A\(A\B).

Thus
B=(ANB)U(B\A)eM.

Since B\ A and A N B are disjoint, we have
m(B) =m(ANB)+m(B\ A) =m(ANB)=m(ANB)+m(A\ B) =m(A).
QED

Proposition 4.5.2 Suppose that A, € M and A, C Apt1 forn = 1,2,....

Then
m (U An) = lim m(4,).

n—oo

Indeed, setting B,, := A, \ A,—1 (with By = A;) the B; are pairwise disjoint
and have the same union as the A; so

m (U An) = im(Bz) = nh_)rr;@ im(Bn) = nllrrgom (CJ Bi> = nh—>Holo m(Ay).
i=1 i=1 j
QED

Proposition 4.5.3 If C,, D Cyy1 is a decreasing family of sets in M and
m(C1) < oo then

n—oo

m (ﬂ C’n) = lim m(Cp).
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Indeed, set Ay :=0, Ay :=Cy\ Ca, Az :=Cy\ C5 etc. The A’s are increasing
SO

m (UJE\ ) = lim m(Cy\ Co) =m(Cy) = lim m(Cy)

n—oo

by the preceding proposition. Since m(C7) < oo we have
m(Cy \ Cn) = m(Cy) — m(Chy).
Also

U(Cl\cn)zcl\ <ﬂ0n>

n

So

n—oo

m (U(c1 \cn)> = m(C1) —m (ﬂ c,L) —m(C1) — lim m(C,).

Subtracting m(C1) from both sides of the last equation gives the equality in the
proposition. QED

4.6 o-fields, measures, and outer measures.

We will now take the items in Theorem 4.5.1 as axioms: Let X be a set. (Usually
X will be a topological space or even a metric space). A collection F of subsets
of X is called a o field if:

o X € F,
o If F € F then Fc° =X\ E € F, and
e If {E,} is a sequence of elements in F then |, E, € F,

The intersection of any family of o-fields is again a o-field, and hence given
any collection C of subsets of X, there is a smallest o-field F which contains it.
Then F is called the o-field generated by C.

If X is a metric space, the o-field generated by the collection of open sets is
called the Borel o-field, usually denoted by B or B(X) and a set belonging to
B is called a Borel set.

Given a o-field F a (non-negative) measure is a function

m:F — [0, 0]
such that
e m(P) =0 and

e Countable additivity: If F,, is a disjoint collection of sets in F then

() -z
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In the countable additivity condition it is understood that both sides might be
infinite.

An outer measure on a set X is a map m* to [0, co] defined on the collection
of all subsets of X which satisfies

e m(f) =0,
e Monotonicity: If A C B then m*(A) < m*(B), and
e Countable subadditivity: m* (|J,, 4,) <>, m*(Ay,).

Given an outer measure, m*, we defined a set E to be measurable (relative
to m*) if
m*(A) =m*(ANE)+m*(AN E°)

for all sets A. Then Caratheodory’s theorem that we proved in the preceding
section asserts that the collection of measurable sets is a o-field, and the re-
striction of m* to the collection of measurable sets is a measure which we shall
usually denote by m.

There is an unfortunate disagreement in terminology, in that many of the
professionals, especially in geometric measure theory, use the term “measure”
for what we have been calling “outer measure”. However we will follow the
above conventions which used to be the old fashioned standard.

An obvious task, given Caratheodory’s theorem, is to look for ways of con-
structing outer measures.

4.7 Constructing outer measures, Method 1.
Let C be a collection of sets which cover X. For any subset A of X let
cec(A)

denote the set of (finite or) countable covers of A by sets belonging to C. In
other words, an element of ccc(A) is a finite or countable collection of elements
of C whose union contains A.

Suppose we are given a function

£:C —[0,00].
Theorem 4.7.1 There exists a unique outer measure m* on X such that
o m*(A) < l(A) for all A€ C and

o Ifn* is any outer measure satisfying the preceding condition then n*(A) <
m*(A) for all subsets A of X.
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This unique outer measure is given by
*(A) = inf E {(D). 4.14
mn ( ) Degclc(A) c ( ) ( )

In other words, for each countable cover of A by elements of C we compute the
sum above, and then minimize over all such covers of A.

If we had two outer measures satisfying both conditions then each would have
to be < the other, so the uniqueness is obvious.

To check that the m* defined by (4.14) is an outer measure, observe that
for the empty set we may take the empty cover, and the convention about an
empty sum is that it is zero, so m*()) = 0. If A C B then any cover of B is a
cover of A, so that m*(A4) < m*(B). To check countable subadditivity we use
the usual €/2" trick: If m*(A4,,) = oo for any A, the subadditivity condition is
obviously satisfied. Otherwise, we can find a D,, € ccc(4,,) with

S D) <mt(A,) +

DeD,

£
2n

Then we can collect all the D together into a countable cover of A so

m*(4) < 3w (An) + e

and since this is true for all € > 0 we conclude that m* is countably subadditive.
So we have verified that m* defined by (4.14) is an outer measure. We must
check that it satisfies the two conditions in the theorem. If A € C then the
single element collection {A} € ccc(A), so m*(A) < £(A), so the first condition
is obvious. As to the second condition, suppose n* is an outer measure with
n*(D) < ¢(D) for all D € C. Then for any set A and any countable cover D of
A by elements of C we have

S D)= > n*(D)=n ( U D) > n*(A),

DeD DeD DeD

where in the second inequality we used the countable subadditivity of n* and
in the last inequality we used the monotonicity of n*. Minimizing over all
D € cce(A) shows that m*(A) > n*(A4). QED

This argument is basically a repeat performance of the construction of
Lebesgue measure we did above. However there is some trouble:

4.7.1 A pathological example.

Suppose we take X = R, and let C consist of all half open intervals of the form
[a,b). However, instead of taking ¢ to be the length of the interval, we take it
to be the square root of the length:

[N

l([a, b)) :=(b—a)2.
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I claim that any half open interval (say [0,1)) of length one has m*([a,b)) = 1.
(Since ¢ is translation invariant, it does not matter which interval we choose.)
Indeed, m*(]0,1)) < 1 by the first condition in the theorem, since ¢([0,1)) = 1.
On the other hand, if

[07 1) C U[ai7 bz)
then we know from the Heine-Borel argument that

Z(bi —a;) > 1,

So squaring gives

(Z(bz - ai)%>2 = Z (bi —a;) + Z(bz —a;)%(b; —a;)? > 1.

i i#j

So m*([0,1)) = 1.

On the other hand, consider an interval [a,b) of length 2. Since it covers
itself, m*([a, b)) < v/2.

Consider the closed interval I = [0, 1]. Then

IN[-1,1)=[0,1) and I°N[-1,1)=[-1,0)

" m* I N [-1,1)) +m*(I°N[-1,1) = 2 > V2 > m*([-1,1)).

In other words, the closed unit interval is not measurable relative to the outer
measure m* determined by the theorem. We would like Borel sets to be measur-
able, and the above computation shows that the measure produced by Method
I as above does not have this desirable property. In fact, if we consider two half
open intervals I; and Is of length one separated by a small distance of size ¢,
say, then their union I3 U I5 is covered by an interval of length 2 + ¢, and hence

m*([1UL) <vV2+e<m*(I) + m*(I2).
In other words, m* is not additive even on intervals separated by a finite dis-

tance. It turns out that this is the crucial property that is missing:

4.7.2 Metric outer measures.

Let X be a metric space. An outer measure on X is called a metric outer
measure if

m*(AU B) =m*(A) + m*(B) whenver d(4, B) > 0. (4.15)

The condition d(A, B) > 0 means that there is an € > 0 (depending on A and
B) so that d(z.y) > € for all z € A, y € B. The main result here is due to
Caratheodory:
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Theorem 4.7.2 If m* is a metric outer measure on a metric space X, then all
Borel sets of X are m* measurable.

Proof. Since the o-field of Borel sets is generated by the closed sets, it is enough
to prove that every closed set F' is measurable in the sense of Caratheodory, i.e.
that for any set A

m*(A) > m*(ANF) +m*(A\ F).

Let

Aj ={x € Ald(z,F) > =}.

1

J

We have d(Aj, ANF) > 1/j so, since m* is a metric outer measure, we have
m (ANF)+m*"(4;) =m"((ANF)UA,;) <m*(A) (4.16)

since (ANF)UA; C A. Now

ANF =] 4,

since F' is closed, and hence every point of A not belonging to F' must be at a
positive distance from F. We would like to be able to pass to the limit in (4.16).
If the limit on the left is infinite, there is nothing to prove. So we may assume
it is finite.

Now if x € A\ (F U Aj41) there is a z € F with d(z, z) < 1/(j + 1) while if
y € A; we have d(y,z) > 1/j so

1 1
- ———>0.

Let By := A; and By := Ay \ Ay, Bz = A3\ A etc. Thus if i > j + 2, then
Bj C Aj and
B; C A\(FUAifl) C A\(FUAj+1)

and so d(B;, B;) > 0. So m* is additive on finite unions of even or odd B’s:
n n n n
m* (U B2k—1> =Y m*(By-1), m (U B2k> = m*(Bay).
k=1 k=1 k=1 k=1

Both of these are < m*(As,) since the union of the sets involved are contained
in Ay,. Since m*(As,) is increasing, and assumed bounded, both of the above
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series converge. Thus

m*(A/F) = m* (U Ai)

= m* AjU U Bj

k>j+1
< m"(4;)+ Z m*(B;)
k=j+1
< lim mf(An) + > mi(B)).
n—00 kgt

But the sum on the right can be made as small as possible by choosing j large,
since the series converges. Hence
m*(A/F) < lim m*(4,)

n—oo

QED.

4.8 Constructing outer measures, Method II.

Let C C & be two covers, and suppose that £ is defined on &, and hence, by
restriction, on C. In the definition (4.14) of the outer measure mj » associated to
¢ and C, we are minimizing over a smaller collection of covers than in computing
the metric outer measure mj o using all the sets of £. Hence

myc(A) = mye(A)

for any set A.

We want to apply this remark to the case where X is a metric space, and
we have a cover C with the property that for every x € X and every € > 0 there
is a C € C with « € C and diam(C) < e. In other words, we are assuming that
the

C.:={C €| diam (C) < €}

are covers of X for every € > 0. Then for every set A the

myc.(A)
are increasing, so we can consider the function on sets given by

mi(A) = smp0 me.c.(A).
e—

The axioms for an outer measure are preserved by this limit operation, so mj;
is an outer measure. If A and B are such that d(A, B) > 2¢, then any set of
C. which intersects A does not intersect B and vice versa, so throwing away
extraneous sets in a cover of AU B which does not intersect either, we see that
mi; (AU B) = m3;(A) + mj;(B). The method II construction always yields a
metric outer measure.
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4.8.1 An example.

Let X be the set of all (one sided) infinite sequences of 0’s and 1’s. So a point
of X is an expression of the form

aijasas - - -

where each a; is 0 or 1. For any finite sequence « of 0’s or 1’s, let [a] denote
the set of all sequences which begin with a. We also let |a| denote the length
of a, that is, the number of bits in a. For each

0<r<l1
we define a metric d, on X by: If
r=az', y=oy
where the first bit in 2’ is different from the first bit in 3’ then
dy(z,y) == rlol,

In other words, the distance between two sequence is r* where k is the length
of the longest initial segment where they agree. Clearly d,.(x,y) > 0 and = 0 if
and only if x = y, and d,(y,z) = d,(z,y). Also, for three z,y, and z we claim
that

dr(l', Z) S max{dr(l'vy)a dr(yv Z)}

Indeed, if two of the three points are equal this is obvious. Otherwise, let j
denote the length of the longest common prefix of x and y, and let k£ denote
the length of the longest common prefix of y and z. Let m = min(j, k). Then
the first m bits of = agree with the first m bits of z and so d.(x,z) < r™ =
max(rd, r¥). QED

A metric with this property (which is much stronger than the triangle in-
equality) is called an ultrametric.

Notice that

diam [a] = 7. (4.17)

The metrics for different r are different, and we will make use of this fact
shortly. But

Proposition 4.8.1 The spaces (X, d,.) are all homeomorphic under the identity
map.

It is enough to show that the identity map is a continuous map from (X, d,.) to
(X,ds) since it is one to one and we can interchange the role of r and s. So,
given € > 0, we must find a § > 0 such that if d,.(z,y) < J then d,(z,y) < e. So
choose k so that s* < e. Then letting r* = § will do.

So although the metrics are different, the topologies they define are the same.
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There is something special about the value r = %: Let C be the collection of
all sets of the form [a] and let £ be defined on C by

t(la) = ()"

We can construct the method II outer measure associated with this function,
which will satisfy

mi([a]) = mi([a])

where m} denotes the method I outer measure associated with £. What is special
about the value 1 is that if k¥ = |a| then

eqm>(;)k(;)RH+(;)R+1fqam>+eqau»

So if we also use the metric d%, we see, by repeating the above, that every [«] can
be written as the disjoint union C; U- - -UC,, of sets in C. with £([a])) = > £(C;).
Thus mj ¢ ([a]) < £(a) and so mj . ([a])(A) < mj(A) or mj; = mj. It also
follows from the above computation that

There is also something special about the value s = %: Recall that one of the

definitions of the Cantor set C is that it consists of all points = € [0, 1] which
have a base 3 expansion involving only the symbols 0 and 2. Let

h:X —C
where h sends the bit 1 into the symbol 2, e.g.
h(011001...) = .022002....

In other words, for any sequence z

h(0z) = hgz), h(1z) = % (4.18)

I claim that: .
341 (2,y) < [h(z) — hy)| < di (2, y) (4.19)

Proof. If z and y start with different bits, say x = 0z’ and y = 1y’ then
di(z,y) = 1 while h(z) lies in the interval [0, 3] and h(y) lies in the interval

[2,1] on the real line. So h(z) and h(y) are at least a distance 1 and at most
a distance 1 apart, which is what (4.19) says. So we proceed by induction.
Suppose we know that (4.19) is true when z = az’ and y = ay’ with 2/,y’

starting with different digits, and |«| < n. (The above case was where |a| = 0.)
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So if || = n+ 1 then either and oo = 05 or a = 15 and the argument for either
case is similar: We know that (4.19) holds for Sz’ and Sy’ and

dy(2,9) = 5 (32", )
while |h(z) — h(y)| = 3|h(Bz') — h(By')| by (4.18). Hence (4.19) holds by
induction. QED

In other words, the map h is a Lipschitz map with Lipschitz inverse from
(X,d1) to the Cantor set C.

In a short while, after making the appropriate definitions, these two com-

1
3

putations, one with the measure associated to ¢([a]) = (%)la‘ and the other
associated with d% will show that the “Hausdorff dimension” of the Cantor set

is log 2/ log 3.

4.9 Hausdorff measure.

Let X be a metric space. Recall that if A is any subset of X, the diameter of
A is defined as
diam(A) = sup d(z,y).
z,y€A
Take C to be the collection of all subsets of X, and for any positive real number

s define
ls(A) = diam(A)®

(with 0° = 0). Take C to consist of all subsets of X. The method II outer
measure is called the s-dimensional Hausdorff outer measure, and its re-
striction to the associated o-field of (Caratheodory) measurable sets is called
the s-dimensional Hausdorff measure. We will let m} . denote the method
I outer measure associated to £s and €, and let H} denote the Hausdorff outer
measure of dimension s, so that

H(4) = lim m? (A).

For example, we claim that for X = R, H! is exactly Lebesgue outer mea-
sure, which we will denote here by L*. Indeed, if A has diameter r, then A
is contained in a closed interval of length r. Hence L*(A) < r. The Method
I construction theorem says that mj . is the largest outer measure satisfying
m*(A) < diam A for sets of diameter less than e. Hence mj (A) > L*(A) for
all sets A and all ¢, and so

H} > L*.
On the other hand, any bounded half open interval [a,b) can be broken up into
a finite union of half open intervals of length < €, whose sum of diameters is
b—a. Somj ([a,b) <b— a. But the method I construction theorem says that
L* is the largest outer measure satistying

m*([a,b)) < b—a.
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Hence H} < L* So they are equal.

In two or more dimensions, the Hausdorff measure H;, on R¥ differs from
Lebesgue measure by a constant. This is essentially because they assign different
values to the ball of diameter one. In two dimensions for example, the Hausdorff
measure Ho assigns the value one to the disk of diameter one, while its Lebesgue
measure is 7/4. For this reason, some authors prefer to put this “correction
factor” into the definition of the Hausdorff measure, which would involve the
Gamma function for non-integral s. I am following the convention that finds it
simpler to drop this factor.

Theorem 4.9.1 Let FF C X be a Borel set. Let 0 < s <t. Then
Hs(F) < oo = H(F)=0

and
Hi(F) >0 = Hs(F)=cc.

Indeed, if diam A < ¢, then
mj (A) < (diam A)* < €~°(diam A)*
so by the method I construction theorem we have

m; (B) < €*m} (B)
for all B. If we take B = F in this equality, then the assumption Hs(F) < oo
implies that the limit of the right hand side tends to 0 as e — 0, so H:(F') = 0.
The second assertion in the theorem is the contrapositive of the first.

4.10 Hausdorff dimension.

This last theorem implies that for any Borel set F', there is a unique value sq
(which might be 0 or co) such that H:(F) = oo for all t < sy and Hs(F) =0
for all for all s > sg. This value is called the Hausdorff dimension of F. It is
one of many competing (and non-equivalent) definitions of dimension. Notice
that it is a metric invariant, and in fact is the same for two spaces different by
a Lipschitz homeomorphism with Lipschitz inverse. But it is not a topological
invariant. In fact, we shall show that the space X of all sequences of zeros and
one studied above has Hausdorff dimension 1 relative to the metric d% while
it has Hausdorff dimension log2/log 3 if we use the metric d 1. Since we have
shown that (X ,d%) is Lipschitz equivalent to the Cantor set C, this will also
prove that C has Hausdorff dimension log 2/ log 3.
We first discuss the d% case and use the following lemma

Lemma 4.10.1 If diam(A) > 0, then there is an « such that A C [a] and
diam([a]) = diam A.
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Proof. Given any set A, it has a “longest common prefix”. Indeed, consider
the set of lengths of common prefixes of elements of A. This is finite set of
non-negative integers since A has at least two distinct elements. Let n be the
largest of these, and let @ be a common prefix of this length. Then it is clearly
the longest common prefix of A. Hence A C [o] and diam([o]) = diam A.QED
Let C denote the collection of all sets of the form [a] and let ¢ be the function

on C given by .
(lo]) = (5)!

and let £* be the associated method I outer measure, and m the associated
measure; all these as we introduced above. We have

¢*(4) < ¢*([a]) = diam([a]) = diam(A).

By the method I construction theorem, mj . is the largest outer measure with
the property that n*(A) < diam A for sets of diameter < e. Hence £* < mj ,
and since this is true for all € > 0, we conclude that

0 < HT.
On the other hand, for any a and any € > 0, there is an n such that 27" < ¢
and n > |a|. The set [a] is the disjoint union of all sets [§] C [a] with |5] > n,
and there are 2”712l of these subsets, each having diameter 2-". So

m ((la]) < 271,

However ¢* is the largest outer measure satisfying this inequality for all [«].
Hence mj . < £* for all € so H} < ¢£*. In other words

lem.

But since we computed that m(X) = 1, we conclude that

The Hausdorff dimension of (X, d%) is 1.

Now let us turn to (X, d%). Then the diameter diam relative to the metric
d% and the diameter diam% relative to the metric dé are given by

1\" 1\"
diam ([a]) = (2) ; diam, ([a]) = (3) , k=lal
If we choose s so that 27 = (37%)% then
diam; ([a]) = (diamy ([a]))*.
This says that relative to the metric d 1, the previous computation yields

Ho(X) = 1.
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Hence s = log2/log 3 is the Hausdorff dimension of X.

The material above (with some slight changes in notation) was taken from
the book Measure, Topology, and Fractal Geometry by Gerald Edgar, where a
thorough and delightfully clear discussion can be found of the subjects listed in
the title.

4.11 Push forward.

The above discussion is a sampling of introductory material to what is known
as “geometric measure theory”. However the construction of measures that we
will be mainly working with will be an abstraction of the “simulation” approach
that we have been developing in the problem sets. The setup is as follows: Let
(X,F,m) be a set with a o-field and a measure on it, and let (Y,G) be some
other set with a o-field on it. A map

f:X-=Y
is called measurable if
fY(B)eF VBeg.
We may then define a measure f.(m) on (Y,G) by
(fo)m(B) = m(f~(B)).

For example, if Y) is the Poisson random variable from the exercises, and u
is the uniform measure (the restriction of Lebesgue measure to) on [0, 1], then
f«(u) is the measure on the non-negative integers given by

X

f)({k}) = e

It will be this construction of measures and variants on it which will occupy us
over the next few weeks.

4.12 The Hausdorff dimension of fractals

4.12.1 Similarity dimension.

Contracting ratio lists.

A finite collection of real numbers
(ri,...,7n)

is called a contracting ratio list if

0O<r<1l Vi=1,...,n
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Proposition 4.12.1 Let (r1,...,m,) be a contracting ratio list. There exists a
unique non-negative real number s such that

n

dor=1. (4.20)

i=1
The number s is 0 if and only if n = 1.

Proof. If n =1 then s = 0 works and is clearly the only solution. If n > 1,
define the function f on [0,00) by

We have
f(0)=n and tlim f)=0<1.

Since f is continuous, there is some postive solution to (4.20). To show that
this solution is unique, it is enough to show that f is monotone decreasing. This
follows from the fact that its derivative is

n
Z rflogr; < 0.
i=1

QED

Definition 4.12.1 The number s in (4.20) is called the similarity dimension
of the ratio list (11,...,7p).

Iterated function systems and fractals.

A map f : X — Y between two metric spaces is called a similarity with
similarity ratio r if

dy (f(x1), f(x2)) =rdx(z1,22) ¥V x1, 29 € X.

(Recall that a map is called Lipschitz with Lipschitz constant r if we only had
an inequality, <, instead of an equality in the above.)

Let X be a complete metric space, and let (r1,...,7,) be a contracting ratio
list. A collection

(fl,“'afn)v fZX—>X

is called an iterated function system which realizes the contracting ratio
list if
fi: X—=X, i=1....n
is a similarity with ratio r;. We also say that (fi,..., fn) is a realization of
the ratio list (r1,...,75).
It is a consequence of Hutchinson’s theorem, see below, that
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Proposition 4.12.2 If (f1,..., fn) is a realization of the contracting ratio list
(r1,...,7) on a complete metric space, X, then there exists a unique non-empty
compact subset K C X such that

K=f(K)U U fo(K).

In fact, Hutchinson’s theorem asserts the corresponding result where the f; are
merely assumed to be Lipschitz maps with Lipschitz constants (rq,...,7,).
The set K is sometimes called the fractal associated with the realization
(f1,..., fn) of the contracting ratio list (r1,...,7,). The facts we want to
establish are: First,
dim(K) < s (4.21)

where dim denotes Hausdorff dimension, and s is the similarity dimension of
(r1,...,75). In general, we can only assert an inequality here, for the the set
K does not fix (rqy,...,r,) or its realization. For example, we can repeat some
of the r; and the corresponding f;. This will give us a longer list, and hence
a larger s, but will not change K. But we can demand a rather strong form
of non-redundancy known as Moran’s condition: There exists an open set O
such that

O D fi(O)V¥i and f;(O)Nf;(0)=0 Yi#j. (4.22)

Then

Theorem 4.12.1 If (f1,..., fn) is a realization of (ry,...,r,) on R% and if
Moran’s condition holds then
dim K = s.

The method of proof of (4.21) will be to construct a “model” complete metric
space E with a realization (¢1,...,9n) of (r1,...,7,) on it, which is “universal”
in the sense that

e F is itself the fractal associated to (g1,...,gn).

e The Hausdorfl dimension of F is s.

If (f1,..., fn) is a realization of (r1,...,7,) on a complete metric space
X then there exists a unique continuous map

h:E—X

such that
hog; = f;oh. (4.23)

e The image h(E) of h is K.
e The map h is Lipschitz.

This is clearly enough to prove (4.21). A little more work will then prove
Moran’s theorem.
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4.12.2 The string model.

Construction of the model.

Let (r1,...,7r,) be a contracting ratio list, and let A denote the alphabet con-
sisting of the letters {1,...,n}. Let E denote the space of one sided infinite
strings of letters from the alphabet A. If o denotes a finite string (word) of
letters from A, we let w, denote the product over all ¢ occurring in « of the r;.
Thus

wy =1
where () is the empty string, and, inductively,
Woe = Wa * We, €€ A

If x # y are two elements of E, they will have a longest common initial string
«, and we then define

d(z,y) = wg.

This makes F into a complete ultrametic space. Define the maps g; : F — F
by
gi(x) = ix.

That is, g; shifts the infinite string one unit to the right and inserts the letter i
in the initial position. In terms of our metric, clearly (g1, ..., gn) is a realization
of (r1,...,r,) and the space F itself is the corresponding fractal set.

We let [a] denote the set of all strings beginning with «, i.e. whose first
word (of length equal to the length of @) is @. The diameter of this set is wg.

The Hausdorff dimension of F is s.

We begin with a lemma:

Lemma 4.12.1 Let A C E have positive diameter. Then there exists a word o
such that A C [a] and
diam(A) = diam[a] = wq.

Proof. Since A has at least two elements, there will be a v which is a prefix of
one and not the other. So there will be an integer n (possibly zero) which is the
length of the longest common prefix of all elements of A. Then every element
of A will begin with this common prefix o which thus satisfies the conditions of
the lemma. QED

The lemma implies that in computing the Hausdorff measure or dimension,
we need only consider covers by sets of the form [a]. Now if we choose s to be
the solution of (4.20), then

n n

(diam[0])® =) "(diam[ai])* = (diam[a])* > r}.

=1 i=1
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This means that the method II outer measure assosicated to the function A —
(diam A)*® coincides with the method I outer measure and assigns to each set
[a] the measure w?. In particular the measure of E is one, and so the Hausdorff
dimension of E is s.

The universality of F.

Let (f1,...,fn) a realization of (r1,...,r,) on a complete metric space X.
Choose a point a € X and define hg : E — X by

ho(z)

a.

Inductively define the maps h, by defining h,11 on each of the open sets [{i}]
by

hp11(i2) = fi(hp(2))-

The sequence of maps {h,} is Cauchy in the uniform norm. Indeed, if y € [{i}]
so y = g;(z) for some z € E then

dx (hp41(y), hp(y)) = dx (filhp(2)), fi(hp-1(2))) = ridx (hp(2), hp-1(2)))-

So if we let ¢ := max;(r;) so that 0 < ¢ < 1, we have

sup dx (hp1(y), hp(y)) < csup dx (hyp(x), hp—1(z))
yeE xEFE

for p > 1 and hence

supdx (hp+1(y), hp(y)) < CcP
yeE

for a suitable constant C'. This shows that the h, converge uniformly to a limit
h which satisfies

hogi:fioh.

Now

hk+1(E) = Uf1 (hk(E))v

and the proof of Hutchinson’s theorem given below - using the contraction fixed
point theorem for compact sets under the Hausdorff metric - shows that the
sequence of sets hy(F) converges to the fractal K.

Since the image of h is K which is compact, the image of [a] is f,(K) where
we are using the obvious notation f;; = fi o fj, fijr = fio fj o fr etc. The set
fa(K) has diameter w,, - diam(K). Thus h is Lipschitz with Lipschitz constant
diam(K).

The uniqueness of the map h follows from the above sort of argument.
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4.13 The Hausdorff metric and Hutchinson’s the-
orem.

Let X be a complete metric space. Let H(X) denote the space of non-empty
compact subsets of X. For any A € H(X) and any positive number ¢, let

Ac ={z € X|d(z,y) < e, for some y € A}.
We call A, the e-collar of A. Recall that we defined

d(z,4) = int d(z,)

to be the distance from any = € X to A, then we can write the definition of the
e-collar as
A = {z|d(x, A) < €}.

Notice that the infimum in the definition of d(x, A) is actually achieved, that
is, there is some point y € A such that

d(z, A) = d(z,y).

This is because A is compact. For a pair of non-empty compact sets, A and B,
define
d(A,B) = max d(z, B).

€
So
d(A,B)<e & ACB..

Notice that this condition is not symmetric in A and B. So Hausdorff introduced

h(A,B) = max{d(4, B),d(B,A)} (4.24)
= inf{e | AC B. and B C A.}. (4.25)

as a distance on H(X). He proved

Proposition 4.13.1 The function h on H(X) x H(X) satsifies the axioms for
a metric and makes H(X) into a complete metric space. Furthermore, if

A,B,C,D € H(X)

then
h(AU B,C U D) <max{h(A4,C),h(B,D)}. (4.26)

Proof. We begin with (4.26). If € is such that A C C. and B C D, then clearly
AUB C C.UD, = (CUD).. Repeating this argument with the roles of A,C
and B, D interchanged proves (4.26).

We prove that h is a metric: h is symmetric, by definition. Also, h(A, A) =0,
and if h(A, B) = 0, then every point of A is within zero distance of B, and
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hence must belong to B since B is compact, so A C B and similarly B C A. So
h(A, B) = 0 implies that A = B.
We must prove the triangle inequality. For this it is enough to prove that

d(A,B) < d(A,C) + d(C, B),

because interchanging the role of A and B gives the desired result. Now for any
a € A we have

d(a,B) = min d(a,b)
min (d(a,c) + d(c,b) Ve e C

IN

(a,¢) + mind(c,b) Ve € C
beB

)
(a,¢)+d(c,B) Ve e C
d(a,c)+d(C,B) Ve € C.

d
d

IN

The second term in the last expression does not depend on ¢, so minimizing
over c gives

d(a, B) < d(a,C) +d(C, B).

Maximizing over a on the right gives

d(a,B) < d(A,C) +d(C, B).
Maximizing on the left gives the desired

d(A,B) < d(A,C)+d(C, A).

We sketch the proof of completeness. Let A, be a sequence of compact non-
empty subsets of X which is Cauchy in the Hausdorff metric. Define the set
A to be the set of all x € X with the property that there exists a sequence of
points z,, € A, with z,, — x. It is straighforward to prove that A is compact
and non-empty and is the limit of the A,, in the Hausdorff metric.

Suppose that k : X — X is a contraction. Then x defines a transformation
on the space of subsets of X (which we continue to denote by k):

k(A) = {kzx|x € A}.

Since k is continuous, it carries H(X) into itself. Let ¢ be the Lipschitz constant
of k. Then

A(n(A),5(B) = maxlmin dx(a), 5(0))

<  max[min cd(a, b))
a€A beEB
= cd(A,B).
Similarly, d(k(B), k(A)) < ¢ d(B, A) and hence

h(k(A),k(B)) < ¢ h(A, B). (4.27)
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In other words, a contraction on X induces a contraction on H(X).
The previous remark together with the following observation is the key to
Hutchinson’s remarkable construction of fractals:

Proposition 4.13.2 Let T1,...,T,, be a collection of contractions on H(X)
with Lipschitz constants ¢y, ..., c,, and let ¢ = maxc;. Define the transforma-
tion T on H(X) by

T(A) =T (A)UT2(A)U---UT,(A).
Then T is a contraction with Lipschitz constant c.

Proof. By induction, it is enough to prove this for the case n = 2. By (4.26)

WT(A),T(B)) hT1(A) UT(A), Th(B) UTy(B))
max{h(T1(A), (T1(B)), h(T2(A), To(B)) }
max{c1h(A, B),coh(A, B)}

= h(A, B)max{c1,c2} =c-h(A, B)

IAIA

Putting the previous facts together we get Hutchinson’s theorem;

Theorem 4.13.1 Let Ty,...,T, be contractions on a complete metric space
and let ¢ be the mazimum of their Lipschitz contants. Define the Hutchinoson
operator T on H(X) by

T(A) := Ty (A)U--- UT,(A).

Then T is a contraction with Lipschtz constant c.

4.14 Affine examples

We describe several examples in which X is a subset of a vector space and each
of the T; in Hutchinson’s theorem are affine transformations of the form

where b; € X and A; is a linear transformation.

4.14.1 The classical Cantor set.
Take X = [0, 1], the unit interval. Take

T x 2
Th:z— -, Th:z— -+ =.
! 30 77 33
These are both contractions, so by Hutchinson’s theorem there exists a unique

closed fixed set C. This is the Cantor set.
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To relate it to Cantor’s original construction, let us go back to the proof of
the contraction fixed point theorem applied to T acting on H(X). It says that
if we start with any non-empty compact subset Ay and keep applying T to it,
ie. set A, =T"Aqy then A, — C in the Hausdorfl metric, h. Suppose we take
the interval I itself as our Ag. Then

in other words, applying the Hutchinson operator T to the interval [0, 1] has
the effect of deleting the “middle third” open interval (%, %) Applying T once
more gives

’ 9] 9’3 3’9 9’
In other words, A, is obtained from A; by deleting the middle thirds of each
of the two intervals of A; and so on. This was Cantor’s original construction.
Since A, +1 C A, for this choice of initial set, the Hausdorff limit coincides with
the intersection.

But of course Hutchinson’s theorem (and the proof of the contractions fixed
point theorem) says that we can start with any non-empty closed set as our
initial “seed” and then keep applying T'. For example, suppose we start with
the one point set By = {0}. Then By = T'By is the two point set

Ay =T20,1] = [0 1].

Bl = {07 g}v
Bs consists of the four point set

2 28
BZ_{07§a§7§}

and so on. We then must take the Hausdorff limit of this increasing collection
of sets.

To describe the limiting set ¢ from this point of view, it is useful to use
triadic expansions of points in [0, 1]. Thus

0 = .0000000---
2/3 = .2000000- - -
2/9 = .0200000- - -
8/9 = .2200000- - -

and so on. Thus the set B,, will consist of points whose triadic expansion has
only zeros or twos in the first n positions followed by a string of all zeros. Thus
a point will lie in C' (be the limit of such points) if and only if it has a triadic
expansion consisting entirely of zeros or twos. This includes the possibility of
an infinite string of all twos at the tail of the expansion. for example, the point
1 which belongs to the Cantor set has a triadic expansion 1 = .222222-.-.
Similarly the point % has the triadic expansion % = .0222222--- and so is in
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the limit of the sets B,,. But a point such as .101--- is not in the limit of the
B,, and hence not in C. This description of C is also due to Cantor. Notice
that for any point a with triadic expansion a = .ajazas - - -

Tia = .Oajasasz---, while Tha = .2aia2a3--- .

Thus if all the entries in the expansion of a are either zero or two, this will also
be true for Tya and Tha. This shows that the C (given by this second Cantor
description) satisfies TC' C C. On the other hand,

Tl(.agag . ) = .0(12(13 crt TQ(.agag ce ) = .2a2a3 e

which shows that .ajasas--- is in the image of T3 if a; = 0 or in the image of
T5 if a3 = 2. This shows that TC = C. Since C' (according to Cantor’s second
description) is closed, the uniqueness part of the fixed point theorem guarantees
that the second description coincides with the first.

The statement that TC' = C implies that C is “self-similar”.

4.14.2 The Sierpinski Gasket

Consider the three affine transformations of the plane:

() () (o) =a () s (a):
me (5 ) =s (5 ) s (V)

The fixed point of the Hutchinson operator for this choice of Ty, Ts, T35 is called
the Sierpinski gasket, S. If we take our initial set Ag to be the right triangle

with vertices at
0 1 and 0
o/’>\0 )’ 1

then each of the T; Ag is a similar right triangle whose linear dimensions are one-
half as large, and which shares one common vertex with the original triangle.
In other words,

A1 =TA,

is obtained from our original triangle be deleting the interior of the (reversed)
right triangle whose vertices are the midpoints of our origninal triangle. Just
as in the case of the Cantor set, successive applications of T to this choice of
original set amounts to successive deletions of the “middle” and the Hausdorff
limit is the intersection of all of them: S =) A;.

We can also start with the one element set

w{(5)
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Using a binary expansion for the x and y coordinates, application of T to By
gives the three element set

o) (o) ()

The set By = T'B; will contain nine points, whose binary expansions are ob-
tained from the above three by shifting the z and y exapnsions one unit to the
right and either inserting a 0 before both expansions (the effect of T7), insert a
1 before the expansion of z and a zero before the y or vice versa. Proceding in
this fashion, we see that B,, consists of 3" points which have all 0 in the binary
expansion of the x and y coordinates, past the n-th position, and which are
further constrained by the condition that at no earler point do we have both
z; = 1 and y; = 1. Passing to the limit shows that S consists of all points for
which we can find (possible inifinite) binary expansions of the z and y coordi-
nates so that z; = 1 = y; never occurs. (For example z = %,y = % belongs
to S because we can write x = .10000--- ,y = .011111...). Again, from this
(second) description of S in terms of binary expansions it is clear that T'S = S.

4.14.3 Moran’s theorem

If A is any set such that f[A] C A, then clearly fP[A] C A by induction. If A
is non-empty and closed, then for any a € A, and any = € E, the limit of the
f~(a) belongs to K as -y ranges over the first words of size p of x, and so belongs
to K and also to A. Since these points consititute all of K, we see that

KcA

and hence
fa(K) C fs(A) (4.28)

for any word 3.
Now suppose that Moran’s open set condition is satisfied, and let us write

Oq = fu(O).

Then
O, N 05 =0

if « is not a prefix of B or (3 is not a prefix of . Furthermore,

f3(0) = f3(0)

so we can use the symbol -
Op

unambiguously to denote these two equal sets. By virtue of (4.28) we have

KﬁC@g
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where we use K to denote fg(K'). Suppose that « is not a prefix of 8 or vice
versa. Then Kg N Oa = () since Og N O, = 0.

Let m denote the measure on the string model E that we constructed above,
so that m(E) = 1 and more generally m([a]) = w?,. Then we will have proved
that the Hausdorff dimension of K is > s, and hence = s if we can prove that
there exists a constant b such that for every Borel set B C K

m(h~!(B)) < b - diam(B)*, (4.29)

where h : E — K is the map we constructed above from the string model to K.

Let us introduce the following notation: For any (finite) non-empty string
a, let @~ denote the string (of cardinality one less) obtained by removing the
last letter in «.

Lemma 4.14.1 There exists an integer N such that for any subset B C K the
set Qg of all finite strings o such that

OaNB#0
and
diam O, < diam B < diam O, -

has at most N elements.

Proof. Let
D := diamO.

The map f, is a similarity with similarity ratio diam[a] so
diam O, = D - diam|a].
Let r := min; r;. Then if a € Qg we have
diam O, = D - diam[a] > D - r diam[a™| = r diam O,- > rdiam B.

Let V' denote the volume of O relative to the d-dimensional Hausdorff measure
of R4, i.e., up to a constant factor the Lebesgue measure. Let V, denote the
volume of O, so that V,, = wdV = V- (diam O, )/ diam O)¢. From the preceding
displayed equation it follows that

Y

Dd
If x € B, then every y € O, is within a distance diam B + diam O, < 2diam B
of . So if m denotes the number of elements in ), we have m disjoint sets
with volume at least ‘gj (diam B)? all within a ball of radius 2 - diam B. We

have normalized our volume so that the unit ball has volume one, and hence
the ball of radius 2 - diam B has volume 2¢(diam B)¢. Hence

Vo > (diam B)“.

d

. ﬁ(diam B)¢ < 2%(diam B)?

m
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or
24 D4

So any integer greater that the right hand side of this inequality (which is
independent of B) will do. O

Now we turn to the proof of (4.29) which will then complete the proof of
Moran’s theorem. Let B be a Borel subset of K. Then

Bc |J Oa
a€Qp
so
By c U o
a€QEB
Now
1 * 1
= 1 S— [ —di <~ (di s
([a]) = (diam[a]) (D dlam(Oa)> < 5 (diam B)
and so 1
m(h™(B)) < Y m(a) < N o (diam B)*
a€QB
and hence we may take
b=N- %(diamB)s

and then (4.29) will hold.
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Chapter 5

The Lebesgue integral.

In what follows, (X, F,m) is a space with a o-field of sets, and m a measure on
F. The purpose of this chapter is to develop the theory of the Lebesgue integral
for functions defined on X. The theory starts with simple functions, that is
functions which take on only finitely many non-zero values, say {a1,...,a,} and
where

Ai = f_l(az-) e F.

In other words, we start with functions of the form
$x) = ails, A€F. (5.1)
i=1

Then, for any E € F we would like to define the integral of a simple function
¢ over F as

/Eqﬁdm = z": a;m(A; N E) (5.2)

and extend this definition by some sort of limiting process to a broader class of
functions.

I haven’t yet specified what the range of the functions should be. Certainly,
even to get started, we have to allow our functions to take values in a vector
space over R, in order that the expression on the right of (5.2) make sense. In
fact, I will eventually allow f to take values in a Banach space. However the
theory is a bit simpler for real valued functions, where the linear order of the
reals makes some arguments easier. Of course it would then be no problem to
pass to any finite dimensional space over the reals. But we will on occasion
need integrals in infinite dimensional Banach spaces, and that will require a
little reworking of the theory.

133
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5.1 Real valued measurable functions.

Recall that if (X, F) and (Y, G) are spaces with o-fields, then
f:X—=Y

is called measurable if
ffYUE)eF VEecG. (5.3)

Notice that the collection of subsets of Y for which (5.3) holds is a o-field, and
hence if it holds for some collection C, it holds for the o-field generated by C.
For the next few sections we will take Y = R and G = B, the Borel field. Since
the collection of open intervals on the line generate the Borel field, a real valued
function f : X — R is measurable if and only if

f~YI) € F for all open intervals I.

Equally well, it is enough to check this for intervals of the form (—o0, a) for all
real numbers a.

Proposition 5.1.1 If F : R?> — R is a continuous function and f, g are two
measurable real valued functions on X, then F(f,g) is measurable.

Proof. The set F~1(—o00,a) is an open subset of the plane, and hence can be
written as the countable union of products of open intervals I x J. So if we set
h = F(f,g) then h=!((—o00,a)) is the countable union of the sets f~1(I)Ng=1(J)
and hence belongs to F. QED

From this elementary proposition we conclude that if f and g are measurable
real valued functions then

e f+ g is measurable (since (z,y) — x + y is continuous),

e fg is measurable (since (z,y) — zy is continuous), hence

e f1, is measurable for any A € F hence

e fT is measurable since f~1(]0,00]) € F and similarly for f~ so

e |f| is measurable and so is |f — g|. Hence

e fAgand fV g are measurable

and so on.

5.2 The integral of a non-negative function.

We are going to allow for the possibility that a function value or an integral
might be infinite. We adopt the convention that

0-00=0.



5.2. THE INTEGRAL OF A NON-NEGATIVE FUNCTION. 135

Recall that ¢ is simple if ¢ takes on a finite number of distinct non-negative
(finite) values, ay,...,an, and that each of the sets

A = ¢ ay)
is measurable. These sets partition X:
X=AU---UA,.
Of course since the values are distinct,
A;NA; =0 for i+#j.

With this definition, a simple function can be written as in (5.1) and this ex-
pression is unique. So we may take (5.2) as the definition of the integral of a
simple function. We now extend the definition to an arbitrary ([0, co] valued)
function f by

/ fdm :=supI(E, f) (5.4)
E
where

I(E,f) = {/E pdm :0< o< f, ¢ Simple} . (5.5)

In other words, we take all integrals of expressions of simple functions ¢ such
that ¢(z) < f(x) at all z. We then define the integral of f as the supremum of
these values.

Notice that if A := f~!(c0) has positive measure, then the simple functions
nly are all < f and so [y fdm = co.

Proposition 5.2.1 For simple functions, the definition (5.4) coincides with
definition (5.2).

Proof. Since ¢ is < itself, the right hand side of (5.2) belongs to I(E, ¢) and
hence is < | 5 ¢dm as given by (5.5). We must show the reverse inequality:
Suppose that ¢ = > b;1p, < ¢. We can write the right hand side of (5.2) as

Z b]m(E n Bj) = Z bjm(E NA;N Bj)
4,J
since EN B; is the disjoint union of the sets ENA; N B; because the A; partition

X, and m is additive on disjoint finite (even countable) unions. On each of the
sets A; N B; we must have b; < a;. Hence

> bm(ENANB) <> am(ENA;NB) =Y am(ENA)
irj ij
since the B; partition X. QED

In the course of the proof of the above proposition we have also established

1 < ¢ for simple functions implies / dm < / odm. (5.6)
E E
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Suppose that F and F' are disjoint measurable sets. Then
m(A;,N(EUF))=m(A;,NE)+m(A;NF)

so each term on the right of (5.2) breaks up into a sum of two terms and we
conclude that

If ¢ is simple and ENF =0, then / pdm :/ ¢dm—|—/ ¢dm.  (5.7)
EUF E F
Also, it is immediate from (5.2) that if @ > 0 then
If ¢ is simple then / apdm = a/ ddm. (5.8)
E E
It is now immediate that these results extend to all non-negative measurable
functions. We list the results and then prove them. In what follows f and g

are non-negative measurable functions, a > 0 is a real number and F and F are
measurable sets:

f<g = /Efdm < /Egdm. (5.9)
fdm = / 1gfdm (5.10)
E b's
ECF = / fdm < [ fdm. (5.11)
E F
/ afdm = a [ fdm. (5.12)
E E
m(E)=0 = fdm =0. (5.13)
E
ENnF=0 = /EUF fdm = /Efdm—i—/Ffdm. (5.14)
f=0 ae < / fdm = 0. (5.15)
p'e
f<g ae. = /X fdm < /X gdm. (5.16)

Proofs.

(5.9):I(E, f) C I(E,9).

(5.10): If ¢ is a simple function with ¢ < f, then multiplying ¢ by 1g
gives a function which is still < f and is still a simple function. The set I(FE, f)
is unchanged by considering only simple functions of the form 1g¢ and these
constitute all simple functions < 1gf.

(5.11): We have 1pf < 1pf and we can apply (5.9) and (5.10).

(5.12): I(E,af) =al(E, f).

(5.13):  In the definition (5.2) all the terms on the right vanish since
m(EN A;) =0. So I(E, f) consists of the single element 0.
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(5.14): This is true for simple functions, so I(EUF, f) = I(E, f) + I(F, f)
meaning that every element of I(EUF), f) is a sum of an element of I(E, f) and
an element of I(F, f). Thus the sup on the left is < the sum of the sups on the
right, proving that the left hand side of (5.14) is < its right hand side. To prove
the reverse inequality, choose a simple function ¢ < 1gf and a simple function
Y <1pf. Then ¢+ < 1gypf since ENF = 0. So ¢+ 1 is a simple function

< f and hence
/ngdm—i—/ Ydm < fdm.
E F EUF

If we now maximize the two summands separately we get

which is what we want.

(5.15): If f = 0 almost everywhere, and ¢ < f then ¢ = 0 a.e. since
¢ > 0. This means that all sets which enter into the right hand side of (5.2)
with a; # 0 have measure zero, so the right hand side vanishes. So I(X, f)
consists of the single element 0. This proves = in (5.15). We wish to prove the
reverse implication. Let A = {z|f(z) > 0}. We wish to show that m(A) = 0.
Now

A= UA" where A, = {z|f(z) > %}

The sets A,, are increasing, so we know that m(A4) = lim,, . m(4,). So it is
enough to prove that m(A,) = 0 for all n. But

1
14, <f
n

and is a simple function. So

1

1
f/ lAHdmzfm(An)S/ fdm =0
nJx n X

implying that m(A4,) = 0.

(5.16): Let E = {z|f(x) < g(x)}. Then E is measurable and E° is of
measure zero. By definition, 1gf < 1gg everywhere, hence by (5.11)

/ g fdm < / 1pgdm.
X X

But

/ 1Efdm+/ lECfdm:/ fdm+ fdm:/ fdm
X X E Be b'e
where we have used (5.14) and (5.13). Similarly for g. QED
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5.3 Fatou’s lemma.

This says:

Theorem 5.3.1 If {f,} is a sequence of non-negative functions, then

nhﬁrgo égi/fkdm > / (nlggo Iirzlfz fk) dm. (5.17)
Recall that the limit inferior of a sequence of numbers {a,, } is defined as follows:
Set
by, := inf a;
k>n

so that the sequence {b,} is non-decreasing, and hence has a limit (possibly
infinite) which is defined as the lim inf. For a sequence of functions, lim inf f,
is obtained by taking lim inf f,(z) for every x.

Consider the sequence of simple functions {1, ,41)}. At each point 2 the
lim inf is 0, in fact 1j, ,41)(z) becomes and stays 0 as soon as n > x. Thus the
right hand side of (5.17) is zero. The numbers which enter into the left hand
side are all 1, so the left hand side is 1.

Similarly, if we take f,, = n1(q 15, the left hand side is 1 and the right hand
side is 0. So without further assumptions, we generally expect to get strict
inequality in Fatou’s lemma.

Proof: Set
— inf

9n = b Tk
so that

gn S gnJrl
and set

f:= lim inf f, = lim g,.
n—oo k>n n—0o0

Let

o< f

be a simple function. We must show that
¢pdm < lim inf /fkdm. (5.18)
n—oo k>n

There are two cases to consider:
a) m({z: ¢(z) > 0}) = co. In this case [ ¢dm = oo and hence [ fdm = oo
since ¢ < f. We must show that lim inf f fndm = co. Let

D:={z:¢(x) >0} som(D)=o0.

Choose some positive number b < all the positive values taken by ¢. This is
possible since there are only finitely many such values.
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Let
D,, := {z|gn(x) > b}.

The D, /' D since b < ¢(z) < lim,— o gn(z) at each point of D. Hence
m(D,,) — m(D) = co. But

bm(D,,) < /

gndmg/ frdm k>n
D'IL D’V‘L

since g, < fi for kK > n. Now

/fkdmZ /Dn frdm

since f is non-negative. Hence liminf [ f,dm = cc.

b) m ({z : ¢(x) > 0}) < co. Choose € > 0 so that it is less than the minimum
of the positive values taken on by ¢ and set

oin={ 07 4 4928
Let
Ch = {z|gn(2) > ¢c}
and
C={z:f(z) = ¢c}.
Then C,, /" C. We have

/ pedm
C"L

IN
S
o

3

a

3

< frdm k>n
CTI,

< frdm k>n
c

< /fkdm k>n

So
/ pedm Sliminf/fkdm.
Ch

We will next let n — oo: Let ¢; be the non-zero values of ¢, so

¢6 = ZcilBi

for some measurable sets B; C C. Then

/ ¢pedm = Z cim(B; N Cp) — Zcim(Bi) = /¢edm
Chn
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since (B;NC,) /' B;,NC = B;. So

/gi)edm < liminf/fkdm.

/ bedim = / bdm — em ({alé(x) > 0}).

Since we are assuming that m ({z|¢(x) > 0}) < oo, we can let ¢ — 0 and
conclude that [ ¢dm < liminf [ frdm. QED

5.4 The monotone convergence theorem.

We assume that {f,} is a sequence of non-negative measurable functions, and
that f,(z) is an increasing sequence for each z. Define f(x) to be the limit
(possibly +00) of this sequence. We describe this situation by f, / f. The
monotone convergence theorem asserts that:

foz0 fu/f = Jim [ fudm= [ fim. (5.19)

The f,, are increasing and all < f so the f fndm are monotone increasing and
all < [ fdm. So the limit exists and is < [ fdm. On the other hand, Fatou’s
lemma gives

/fdm < liminf/fndm: lim/fndm.

QED
In the monotone convergence theorem we need only know that

fn /T ae.

Indeed, let C be the set where convergence holds, so m(C¢) = 0. Let g, = 1¢fn
and g = 1¢f. Then g, / g everywhere, so we may apply (5.19) to g, and g.
But [ g,dm = [ f,dm and [ gdm = [ fdm so the theorem holds for f, and f

as well.

5.5 The space £;(X,R).

We will say an R valued measurable function is integrable if both [ f*dm < oo
and [ f~dm < co. If this happens, we set

/fdm ::/f+dm—/f—dm. (5.20)

Since both numbers on the right are finite, this difference makes sense. Some
authors prefer to allow one or the other numbers (but not both) to be infinite,
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in which case the right hand side of (5.20) might be = 0o or —oo. We will stick
with the above convention.

We will denote the set of all (real valued) integrable functions by £; or
L1(X) or £1(X,R) depending on how precise we want to be.

Notice that if f < g then ft < gt and f~ > ¢~ all of these functions being

non-negative. So
/f*dmg/ngdm, /f*dmz/g*dm
/f*dmf/f*dmg/ngdmf/g*dm

f<g = /fdmé /gdm- (5.21)

hence

or

If a is a non-negative number, then (af)* = af*. If a < 0 then (af)* =
(—a)fT so in all cases we have

/afdm:a/fdm. (5.22)
We now wish to establish
frgely = f+ge Ly and /(f+g)dm:/fdm+/gdm. (5.23)

Proof. We prove this in stages:

e First assume f = Y a;14,, g = . b;1p, are non-negative simple func-
tions, where the A; partition X as do the B;. Then we can decompose
and recombine the sets to yield:

/(f+g)dm = Z(aierj)m(AiﬂBj)

(2]

DO am(AiNB) + Y Y bym(AinB))

- Z a;m(A;) + Z bym(B;)

/fdm+/gdm

where we have used the fact that m is additive and the A; N B; are disjoint
sets whose union over j is A; and whose union over i is B;.
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e Next suppose that f and g are non-negative measurable functions with
finite integrals. Set

221:,

k
Fi= ) gu g )
k=0

Each f,, is a simple function < f, and passing from f, to f,41 involves
splitting each of the sets f’l([£, k;,,:l]) in the sum into two, and choosing
a larger value on the second portion. So the f, are increasing. Also,
if f(x) < oo, then f(z) < 2™ for some m, and for any n > m f,(x)
differs from f(x) by at most 27". Hence f,, / [ a.e., since f is finite
a.e because its integral is finite. Similarly we can construct g, /" g. Also
(Fa+9n) / [ +gae.

By the a.e. monotone convergence theorem

/(f+g)dmzlim/(fn+gn)dm = lim/fndm—i-lim/gndm = /fdm+/gdm,

where we have used (5.23) for simple functions. This argument shows that
J(f +g)dm < oo if both integrals [ fdm and [ gdm are finite.

e For any f € £4 we conclude from the preceding that

/|f|dm = /(f+ + f7)dm < co.

Similarly for g. Since |f + g| < |f| + |g| we conclude that both (f + g)™
and (f + ¢g)~ have finite integrals. Now

f+9) " —(f+9) =f+9=0U"= )+t —9)

or
f+9) "+ +g =ft+9"+(F+9) .

All expressions are non-negative and integrable. So integrate both sides
to get (5.23).QED

We have thus established

Theorem 5.5.1 The space L£1(X,R) is a real vector space and f — [ fdm is
a linear function on L1(X,R).

We also have
Proposition 5.5.1 Ifh € L1 and fA hdm > 0 for all A€ F then h > 0 a.e.

Proof: Let A, : {z|h(z) < —1}. Then

/ hdmg/ idm:—lm(An)
A, A, n n
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so m(A4,) = 0. But if we let A := {z|h(z) < 0} then A, " A and hence
m(A) = 0.QED

We have defined the integral of any function f as [ fdm = [ fTdm —
[ f~dm, and [|fldm = [ fTdm + [ f~dm. Since for any two non-negative
real numbers a — b < a + b we conclude that

\ / fdm‘ < [ iflam. (5.24)

1l = / |ldm

If we define

we have verified that
If+glli < [Ifllx + gl

and have also verified that

lefll = lelll Il

In other words, || - |1 is a semi-norm on £y. From the preceding proposition
we know that ||f|l; = 0 if and only if f = 0 a.e. The question of whether we
want to pass to the quotient and identify two functions which differ on a set of
measure zero is a matter of taste.

5.6 The dominated convergence theorem.

This says that

Theorem 5.6.1 Let f, be a sequence of measurable functions such that
|ful < g ae, ge€Ly.

Then
fon—f ae = feL) and /fndm—>/fdm.

Proof. The functions f,, are all integrable, since their positive and negative
parts are dominated by g. Assume for the moment that f,, > 0. Then Fatou’s
lemma says that

/fdm§ liminf/fndm.

Fatou’s lemma applied to g — f,, says that

/(g — f)dm < liminf/(g — f)dm = liminf (/ gdm — /fndm)
= / gdm — lim sup / Fodm.
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Subtracting | gdm gives

limsup/fnde/fdm.

So
limsup/fndm < /fdmg liminf/fndm

which can only happen if all three are equal.
We have proved the result for non-negative f,. For general f,, we can write
our hypothesis as
—9< fn<yg ae.

Adding g to both sides gives
0< fnt+9g<2g ae.

We now apply the result for non-negative sequences to g+ f, and then subtract
off [ gdm.

5.7 Riemann integrability.

Suppose that X = [a,b] is an interval. What is the relation between the
Lebesgue integral and the Riemann integral? Let us suppose that [a,b] is
bounded and that f is a bounded function, say |f| < M. Each partition

Pia=agy<a1<--<ap=0>
into intervals I; = [a;—1, a;] with
m;:=m(l;)=a;,—a;—1, i=1,...,n
defines a Riemann lower sum

Lp = Zkimi k; = inf f(z)

zel;

and a Riemann upper sum

Up = ZMimi M; = sup f(z)

zel;

which are the Lebesgue integrals of the simple functions
Ip:= Zkilli and up := ZMilji

respectively.

According to Riemann, we are to choose a sequence of partitions P,, which
refine one another and whose maximal interval lengths go to zero. Write ¢; for
¢p, and u; for up,. Then

b <l < < f<-<up <y
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Suppose that f is measurable. All the functions in the above inequality are
Lebesgue integrable, so dominated convergence implies that

b b
limU, = lim/ Unpdx :/ udx

where u = lim u,, with a similar equation for the lower bounds. The Riemann
integral is defined as the common value of lim L,, and lim U,, whenever these
limits are equal.

Proposition 5.7.1 f is Riemann integrable if and only if f is continuous al-
most everywhere.

Proof. Notice that if z is not an endpoint of any interval in the partitions,
then f is continuous at z if and only if u(x) = ¢(z). Riemann’s condition for
integrability says that [(u—¢)dm = 0 which implies that f is continuous almost
everywhere.

Conversely, if f is continuous a.e. then u = f = £ a.e.. Since u is measurable
so is f, and since we are assuming that f is bounded, we conclude that f
Lebesgue integrable. As ¢ = f = u a.e. their Lebesgue integrals coincide. But
the statement that the Lebesgue integral of u is the same as that of £ is precisely
the statement of Riemann integrability. QED

Notice that in the course of the proof we have also shown that the Lebesgue
and Riemann integrals coincide when both exist.

5.8 The Beppo - Levi theorem.

We begin with a lemmas:

Lemma 5.8.1 Let {g,} be a sequence of non-negative measurable functions.

Then
oo o0
/ Zgn dm = Z/gndm
n=1 n=1
Proof. We have

/ngdm: Z/gkdm
k=1 k=1

for finite n by the linearity of the integral. Since the gi > 0, the sums under
the integral sign are increasing, and by definition converge to > ;- gx. The
monotone convergence theorem implies the lemma. QED

But both sides of the equation in the lemma might be infinite.

Theorem 5.8.1 Beppo-Levi. Let f, € L1 and suppose that

| fx|dm < oo.
E/km 0
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Then Y fr(x) converges to a finite limit for almost all x, the sum is integrable,

and . .
/ kz::lfk dm:’;/fkdm~

Proof. Take g,, := |f,| in the lemma. If weset g =3 07, g = > oo, |fn| then

the lemma says that
[oam=>" [1salam.
n=1

and we are assuming that this sum is finite. So g is integrable, in particular the
set of z for which g(z) = co must have measure zero. In other words,

Z |fn(z)] <00 ae. .
n=1

If a series is absolutely convergent, then it is convergent, so we can say that
> fn(z) converges almost everywhere. Let

f@)=>" ful2)

at all points where the series converges, and set f(x) = 0 at all other points.

Now
> (@)
n=0

at all points, and hence by the dominated convergence theorem, f € £; and

/fdm=/nlijg0§fk dmznlgn;oz/fkdng/fkdm

<g(x)

QED

5.9 L, is complete.

This is an immediate corollary of the Beppo-Levi theorem and Fatou’s lemma.
Indeed, suppose that {h,} is a Cauchy sequence in £;. Choose n; so that

A = by || < Vn>n.

N =

Then choose ny > ni so that

1
he = B, || < 2 Y n > ns.
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Continuing this way, we have produced a subsequence h,,; such that

1
||h7lj+1 - hTLJH S 27
Let
fj = hn].+1 - hnj~
Then

1

so the hypotheses of the Beppo-Levy theorem are satisfied, and ), f; converges
almost everywhere to some limit f € £;. But

k
hn1 + ij = hnk+1'
j=1

So the subsequence h,,, converges almost everywhere to some h € L;.

We must show that this h is the limit of the h,, in the || - || norm. For this
we will use Fatou’s lemma.

For a given € > 0, choose N so that ||k, — hy|| < € for k,n > N. Since
h = lim hy,,; we have, for k > N,

h = hells =/|h—hk|dm:/hm o, —hk|dmgliminf/|hnj ~ hyldm
j—o0

= liminf ||h,; — hi|l <e.
QED

5.10 Dense subsets of £;(R,R).

Up until now we have been studying integration on an arbitrary measure space
(X,F,m). In this section and the next, we will take X = R, F to be the
o-field of Lebesgue measurable sets, and m to be Lebesgue measure, in order to
simplify some of the formulations and arguments.

Suppose that f is a Lebesgue integrable non-negative function on R. We
know that for any € > 0 there is a simple function ¢ such that

p<f

and

[ g = [ gam =[5~ orim =117 - ol <.

To say that ¢ is simple implies that

¢ = Z a;ila,
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(finite sum) where each of the a; > 0 and since [ ¢dm < co each A; has finite
measure. Since m(A;N[—n,n]) — m(A;) as n — 0o, we may choose n sufficiently
large so that

lf — |1 <2 where ¢ = ZailAm[—n,n]'

For each of the sets A; N [—n,n] we can find a bounded open set U; which
contains it, and such that m(U;/A;) is as small as we please. So we can find
finitely many bounded open sets U; such that

1f =S el < 3e.

Each U; is a countable union of disjoint open intervals, U; = Uj I; ;, and since
m(U;) = 32, m(I;,5), we can find finitely many I; ;, j ranging over a finite set of

integers, J; such that m (UjeJi) is as close as we like to m(U;). So let us call a

step function a function of the form Y b;1;, where the I; are bounded intervals.
We have shown that we can find a step function with positive coefficients which
is as close as we like in the || - [|; norm to f. If f is not necessarily non-negative,
we know (by definition!) that f* and f~ are in £, and so we can approximate
each by a step function. the triangle inequality then gives

Proposition 5.10.1 The step functions are dense in L1(R,R).

If [a,b], a < bis a finite interval, we can approximate 1,y as closely as we
like in the || - || norm by continuous functions: just choose n large enough so
that % < b—a, and take the function which is 0 for x < a, rises linearly from 0
to 1 on [a,a+ 1], is identically 1 on [a+ 1,b— 1], and goes down linearly from
1 to 0 from b — % to b and stays 0 thereafter. As n — oo this clearly tends to
1[4 in the || - [[{ norm. So

Proposition 5.10.2 The continuous functions of compact support are dense in
L1 (R,R).

As a consequence of this proposition, we see that we could have avoided all of
measure theory if our sole purpose was to define the space £1(R,R). We could
have defined it to be the completion of the space of continuous functions of
compact support relative to the || - || norm.

5.11 The Riemann-Lebesgue Lemma.

We will state and prove this in the “generalized form”. Let h be a bounded
measurable function on R. We say that h satisfies the averaging condition if

lim i/ hdm — 0. (5.25)
le| Jo

le]—o0
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For example, if h(t) = cos&t, £ # 0, then the expression under the limit sign in
the averaging condition is

1

— sinét

c€ &
which tends to zero as |c| — co. Here the oscillations in h are what give rise to
the averaging condition. As another example, let

_J1 it <t
) —{ Yl = 1.
Then the left hand side of (5.25) is

1

H(l +loglc]), |c| > 1.
Here the averaging condition is satisfied because the integral in (5.25) grows
more slowly that |c|.

Theorem 5.11.1 [Generalized Riemann-Lebesgue Lemma].
Let f € Li([e,d],R), —o0 < ¢ < d < oo. If h satisfies the averaging

condition (5.25) then
d

lim [ f(O)h(rt)dt = 0. (5.26)

T—00
Proof. Our proof will use the density of step functions, Proposition 5.10.1.
We first prove the theorem when f = 1(, 5 is the indicator function of a finite
interval. Suppose for example that 0 < a < b.Then the integral on the right
hand side of (5.26) is

/ Layh(rt)dt = /hrt , or setting x = rt
0

= et [ b

and each of these terms tends to 0 by hypothesis. The same argument will work
for any bounded interval [a, b] we will get a sum or difference of terms as above.
So we have proved (5.26) for indicator functions of intervals and hence for step
functions.

Now let M be such that |h| < M everywhere (or almost everywhere) and
choose a step function s so that

€
— sl < —.
IF = slh < 5o

_ ‘ / h(rt)dt + / (t )h(rt)dt’
‘/ Tt dt‘ ’/ Tt dt’
—M—i— ’/ h(rt) dt‘

Then fh = (f —s)h+ sh

‘/f h(rt)dt

AN

IA
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We can make the second term < § by choosing r large enough. QED

5.11.1 The Cantor-Lebesgue theorem.
This says:

Theorem 5.11.2 If a trigonometric series

ag
3 + zn:dn cos(nt —¢,) dn €R

converges on a set E of positive Lebesque measure then
d, — 0.

(I have written the general form of a real trigonometric series as a cosine series
with phases since we are talking about only real valued functions at the present.
Of course, applied to the real and imaginary parts, the theorem asserts that if
3" a,et™® converges on a set of positive measure, then the a, — 0. Also, the
notation suggests - and this is my intention - that the n’s are integers. But in
the proof below all that we will need is that the n’s are any sequence of real
numbers tending to co.)

Proof. The proof is a nice application of the dominated convergence theorem,
which was invented by Lebesgue in part precisely to prove this theorem.

We may assume (by passing to a subset if necessary) that F is contained in
some finite interval [a,b]. If d,, # 0 then there is an € > 0 and a subsequence
|dp, | > € for all k. If the series converges, all its terms go to 0, so this means
that

cos(nit — ) =0 VieE.

So
cos?(npt — ) — 0 VteE.

Now m(E) < oo and cos?(nit — ¢;) < 1 and the constant 1 is integrable on
[a,b]. So we may take the limit under the integral sign using the dominated
convergence theorem to conclude that

lim [ cos®(npt — ¢p)dt = / lim cos®(nyt — éx)dt = 0.

k—oo J B B koo
But 1
cos®(nyt — ¢p) = 5[1 + cos 2(ngt — ¢p)]
SO
/ cos?(npt — ¢p)dt = % / [1 + cos 2(nkt — oy)]dt
5 E
_ % [m(E) + /E cos 2(nyt — ¢k):|

(E) + 1/ 15 cos2(nyt — ¢y )dt.
2 Jr

N | =
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But 1z € £1(R,R) so the second term on the last line goes to 0 by the Riemann
Lebesgue Lemma. So the limit is $m(F) instead of 0, a contradiction. QED

5.12 Fubini’s theorem.

This famous theorem asserts that under suitable conditions, a double integral is
equal to an iterated integral. We will prove it for real (and hence finite dimen-
sional) valued functions on arbitrary measure spaces. (The proof for Banach
space valued functions is a bit more tricky, and we shall omit it as we will not
need it. This is one of the reasons why we have developed the real valued theory
first.) We begin with some facts about product o-fields.

5.12.1 Product o-fields.

Let (X,F) and (Y, G) be spaces with o-fields. On X x Y we can consider the
collection P of all sets of the form

AxB, AeF, Beg.
The o-field generated by P will, by abuse of language, be denoted by
F xG.

If F is any subset of X x Y, by an even more serious abuse of language we will
let

Ey = {yl(z,y) € E}
and (contradictorily) we will let
E, = {z|(z,y) € E}.

The set E, will be called the z-section of £ and the set £, will be called the
y-section of F.
Finally we will let C C P denote the collection of cylinder sets, that is sets
of the form
AxY AeF

or
XxB, Beg.

In other words, an element of P is a cylinder set when one of the factors is the
whole space.

Theorem 5.12.1 .

o F x G is generated by the collection of cylinder sets C.



152 CHAPTER 5. THE LEBESGUE INTEGRAL.

o F x G is the smallest o-field on X XY such that the projections

pry: X xY —X pry(z,y) =
pry : X xY =Y pry(z,y) =y

are measurable maps.

e Foreach E € FxG and all x € X the xz-section E, of E belongs to G and
for ally €Y the y-section Ey of E belongs to F.

Proof. Ax B = (AxY)N (X x B) so any o-field containing C must also
contain P. This proves the first item.

Since pr)_(l(A) = A x Y, the map pry is measurable, and similarly for Y.
But also, any o-field containing all A x Y and X x B must contain P by what
we just proved. This proves the second item.

As to the third item, any set E of the form A x B has the desired section
properties, since its x section is B if x € A or the empty set if z ¢ A. Similarly
for its y sections. So let H denote the collection of subsets £ which have the
property that all £, € G and all E, € F. If we show that H is a o-field we are
done.

Now E¢ = (E,)¢ and similarly for y, so G is closed under taking comple-
ments. Similarly for countable unions:

(Us), - ypso-

n

QED

5.12.2 7-systems and \-systems.

Recall that the o-field o(C) generated by a collection C of subsets of X is the
intersection of all the o-fields containing C. Sometimes the collection C is closed
under finite intersection. In that case, we call C a m-system. Examples:

e X is a topological space, and C is the collection of open sets in X.

e X =R, and C consists of all half infinite intervals of the form (—oo,a.
We will denote this 7 system by w(R).

A collection H of subsets of X will be called a A-system if
1. X e H,
2. ABeHwithANB=0= AUBEMH,
3. ABeHand BC A= (A\B) €H, and
4. {A}°CHand 4, /A = A€H.
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From items 1) and 3) we see that a A-system is closed under complementa-
tion, and since () = X ¢ it contains the empty set. If B is both a m-system and a
A system, it is closed under any finite union, since AUB = AU(B/(ANB) which
is a disjoint union. Any countable union can be written in the form A =" A,
where the A,, are finite disjoint unions as we have already argued. So we have
proved

Proposition 5.12.1 IfH is both a w-system and a A-system then it is a o-field.
Also, we have

Proposition 5.12.2 [Dynkin’s lemma.] If C is a w-system, then the o-field
generated by C is the smallest A-system containing C.

Let M be the o-field generated by C, and H the smallest A-system containing
C. So M D H. By the preceding proposition, all we need to do is show that H
is a m-system.
Let
Hy:={A] ANC e HVC € C}.

Clearly H; is a A-system containing C, so H C H; which means that ANC € H
for all Ae H and C € C.
Let
Ho:={Al ANH eH VH € H}.

‘Ho is again a A-system, and it contains C by what we have just proved. So
Ho D H, which means that the intersection of two elements of H is again in H,
i.e. H is a m-system. QED

5.12.3 The monotone class theorem.

Theorem 5.12.2 Let B be a class of bounded real valued functions on a space
Z satisfying

1. B is a vector space over R.
2. The constant function 1 belongs to B.

3. B contains the indicator functions 14 for all A belonging to a w-system

Z.

4. If {fn} is a sequence of non-negative functions in B and f, / [ where
fis a bounded function on Z, then f € B.

Then B contains every bounded M measurable function, where M is the o-field
generated by T.

Proof. Let H denote the class of subsets of Z whose indicator functions belong
toB. Then Z € H by item 2). If B C A are bothinH, then 14,5 = 14—1p and
so A\ B belongs to H by item 1). Similarly, if ANB =@ then 14,3 =14+ 1p
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and so if A and B belong to H so does AUB when ANB = (). Finally, condition
4) in the theorem implies condition 4) in the definition of a A-system. So we
have proved that that H is a A-system containing Z. So by Dynkin’s lemma, it
contains M.

Now suppose that 0 < f < K is a bounded M measurable function, where
we may take K to be an integer. For each integer n > 0 divide the interval
[0, K] up into subintervals of size 27", and let

A(nyi) = {zi27" < f(z) < (1 +1)27"}
where ¢ ranges from 0 to K2". Let

K2"

1
sn(z) = Z %]-A(n,z‘)'

=0

Since f is assumed to be M-measurable, each A(n,i) € M, so by the preceding,
and condition 1), f,, € B. But 0 < s, /" f, and hence by condition 4), f € B.

For a general bounded M measurable f, both f* and f~ are bounded and
M measurable, and hence by the preceding and condition 1), f = f* — f~ €
B.QED

We now want to apply the monotone class theorem to our situation of a
product space. So Z = X xY, where (X, F) and (Y, G) are spaces with o-fields,
and where we take Z = P to be the m-system consisting of the product sets
AxB, AcF, Beg.

Proposition 5.12.3 Let B consist of all bounded real valued functions f on
X XY which are F x G-measurable, and which have the property that

e for each x € X, the function y — f(x,y) is G-measurable, and
e for each y €Y the function x — f(x,y) is F-measurable.
Then B consists of all bounded F x G measurable functions.

Indeed, y — laxp(z,y) = 1p(y) if z € A and = 0 otherwise; and similarly for
x +— 1axp(z,y). So condition 3) of the monotone class theorem is satisfied, and
the other conditions are immediate. Since F X G was defined to be the o-field
generated by P, the proposition is an immediate consequence of the monotone
class theorem.

5.12.4 Fubini for finite measures and bounded functions.

Let (X, F,m) and (Y, G, n) be measure spaces with m(X) < oo and n(Y") < oco.
For every bounded F x G-measurable function f, we know that the function

f(xa)y'_)f(xvy)
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is bounded and G measurable. Hence it has an integral with respect to the
measure n, which we will denote by

/ f (&, y)n(dy).
Y

This is a bounded function of z (which we will prove to be F measurable in just
a moment). Similarly we can form

/X f (@, yym(de)

Proposition 5.12.4 Let B denote the space of bounded F x G measurable func-
tions such that

which is a function of y.

o [, f( n(dy) is a F measurable function on X,

. fX m(dz) is a G measurable function on'Y and

[ ([ smian) o) [ ([ steoman ). a0

Then B consists of all bounded F x G measurable functions.

Proof. We have verified that the first two items hold for 145 5. Both sides
of (5.27) equal m(A)n(B) as is clear from the proof of Proposition 5.12.3. So
conditions 1-3 of the monotone class theorem are clearly satisfied, and condition
4) is a consequence of two double applications of the monotone convergence
theorem. QED

Now for any C € F x G we define

@)= [ ([ retntan )mian) = [ ([ et mmian) nay)

(5.28)
both sides being equal on account of the preceding proposition. This measure
assigns the value m(A)n(B) to any set A x B € P, and since P generates F X G
as a sigma field, any two measures which agree on P must agree on F X G.
Hence m x n is the unique measure which assigns the value m(A)n(B) to sets
of P.

Furthermore, we know that

/Xxyf(x’y)(mxn /(/fmy dy> /(/fxy dx)n(dy)

(5.29)
is true for functions of the form 1 4« p and hence by the monotone class theorem
it is true for all bounded functions which are measurable relative to F x G.

The above assertions are the content of Fubini’s theorem for bounded mea-
sures and functions. We summarize:
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Theorem 5.12.3 Let (X, F,m) and (Y,G,n) be measure spaces with m(X) <
oo and n(Y) < oco. There exists a unique measure on F x G with the property
that

(mxn)(Ax B)=m(A)n(B) VAxBecP.

For any bounded F x G measurable function, the double integral is equal to the
iterated integral in the sense that (5.29) holds.

5.12.5 Extensions to unbounded functions and to o-finite
measures.

Suppose that we temporarily keep the condition that m(X) < co and n(Y) < oo.
Let f be any non-negative F x G-measurable function. We know that (5.29)
holds for all bounded measurable functions, in particular for all simple functions.
We know that we can find a sequence of simple functions s, such that s,  f.
Hence by several applications of the monotone convergence theorem, we know
that (5.29) is true for all non-negative F x G-measurable functions in the sense
that all three terms are infinite together, or finite together and equal. Now we
have agreed to call a F x G-measurable function f integrable if and only if f+
and f~ have finite integrals. In this case (5.29) holds.

A measure space (X, F,m) is called o-finite if X = (J,, X, where m(X,,) <
oco. In other words, X is o-finite if it is a countable union of finite measure
spaces. As usual, we can then write X as a countable union of disjoint finite
measure spaces. So if X and Y are o-finite, we can write the various integrals
that occur in (5.29) as sums of integrals which occur over finite measure spaces.
A bit of standard argumentation shows that Fubini continues to hold in this
case.

If X or Y is not o-finite, or, even in the finite case, if f is not non-negative
or m X n integrable, then Fubini need not hold. I hope to present the standard
counter-examples in the problem set.



Chapter 6

The Daniell integral.

Daniell’s idea was to take the axiomatic properties of the integral as the start-
ing point and develop integration for broader and broader classes of functions.
Then derive measure theory as a consequence. Much of the presentation here
is taken from the book Abstract Harmonic Analysis by Lynn Loomis. Some of
the lemmas, propositions and theorems indicate the corresponding sections in
Loomis’s book.

6.1 The Daniell Integral

Let L be a vector space of bounded real valued functions on a set .S closed under
A and V. For example, S might be a complete metric space, and L might be
the space of continuous functions of compact support on S.
A map
I:L—-R

is called an Integral if
1. Iislinear: I(af 4+ bg) =al(f)+ bl(g)
2. I is non-negative: f > 0= I(f) > 0 or equivalently f > g = I(f) > I(g).

3. fa N 0= I(fn) \ 0.

For example, we might take S = R", L = the space of continuous functions of
compact support on R"™, and I to be the Riemann integral. The first two items
on the above list are clearly satisfied. As to the third, we recall Dini’s lemma
from the notes on metric spaces, which says that a sequence of continuous
functions of compact support {f,} on a metric space which satisfies f, \, 0
actually converges uniformly to 0. Furthermore the supports of the f, are all
contained in a fixed compact set - for example the support of fi. This establishes
the third item.

157
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The plan is now to successively increase the class of functions on which the
integral is defined.
Define

U := {limits of monotone non-decreasing sequences of elements of L}.

We will use the word “increasing” as synonymous with “monotone non-decreasing”
so as to simplify the language.

Lemma 6.1.1 If f, is an increasing sequence of elements of L and if k € L
satisfies k < lim f,, then Uim I(f,) > I(k).

Proof. If £ € L and lim f,, > k, then
faNE<E and f, > fu Nk
so I(fn) > I(fn A k) while

(k= (fn AR N0

SO
I([k = fa NE)) N O
by 3) or
I(fa NK) 2 T(E).
Hence lim I(f,,) > lim I(f, A k) = I(k). QED

Lemma 6.1.2 [12C] If {f.} and {g,} are increasing sequences of elements of
L and limg,, < lim f,, then limI(g,) < lUmI(f,).

Proof. Fix m and take k = g,, in the previous lemma. Then I(g,,) < lim I(f,).
Now let m — co. QED
Thus

fo/ fand g, /7 f =UmI(f,) =UmI(g,)
so we may extend I to U by setting

I(f) :==lmI(f,) for fun 7 f.

If f € L, this coincides with our original I, since we can take g, = f for all n
in the preceding lemma.

We have now extended I from L to U. The next lemma shows that if we
now start with I on U and apply the same procedure again, we do not get any
further.

Lemma 6.1.3 [12D] If f,, €U and f,, /' f then f € U and I(f,) /" I(f).
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Proof. For each fixed n choose g* /'y, fn. Set
hy =gt V---Vagn
SO
h, € L and h, is increasing

with
gl < hp, < fo fori<n.

Let n — oo. Then

Now let i — co. We get
f<limh, < f.

So we have written f as a limit of an increasing sequence of elements of L, So
feU. Also

I(gi") < I(hn) < I(f)

so letting n — oo we get

I(fi) < I(f) < lim I(fn)
so passing to the limits gives I(f) = lim I(f,). QED

We have
I(f+9)=1(f)+1(9) for f,geU.
Define
—U:={-f] feU}
and

I1(f) = —I(-f) fe-U.

IffeUand—f € Uthen I(f)+I(—f)=1(f—f)=1(0)=0so0I(—f)=—-I(f)
in this case. So the definition is consistent.

—U is closed under monotone decreasing limits. etc.

Ifge —U and h € U with g < hthen —-ge Usoh—geU and h—g>0
so I(h) —I(g) =I(h+(—g)) =1(h—g) > 0.

A function f is called I-summable if for every e > 0, 3 g € —U, h € U
with
g<f<h, [(g)| <oo, [I(h)] <oo and I(h—g) <e.
For such f define
I(f) =glb I(h) =1ub I(g).
If feUtake h= f and f, € L with f,, / f. Then —f, € LC U so f, € —U.
If I(f) < oo then we can choose n sufficiently large so that I(f) — I(f,) < e.

The space of summable functions is denoted by L;. It is clearly a vector space,
and [ satisfies conditions 1) and 2) above, i.e. is linear and non-negative.
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Theorem 6.1.1 [12G] M(lnotone convergence theorem. f, € L, f, /' f
and Uim I(f,) < oo = f € Ly and I(f) = limI(f,).

Proof. Replacing f, by f, — fo we may assume that fy = 0. Choose
ho €U, such that fo = fo—1 < hy and I(ha) < I(fn = fam1) + 35
Then

n

fo <Y hiand > I(hi) < I(fn) +e.
1=1

1

Since U is closed under monotone increasing limits,

hI:ZhieUa f<h andI(h)<UmlI(f,)+e.
i1

Since f,, € L1 we can find a ¢,, € —U with I(fm) — I(gm) < € and hence for m
large enough I(h) — I(gm) < 2¢. So f € Ly and I(f) =lmI(f,). QED

6.2 Monotone class theorems.

A collection of functions which is closed under monotone increasing and mono-
tone decreasing limits is called a monotone class. B is defined to be the
smallest monotone class containing L.

Lemma 6.2.1 Let h < k. If M is a monotone class which contains (gV h) Nk
for every g € L, then M contains all (f V h) Nk for all f € B.

Proof. The set of f such that (f Vh)Ak € M is a monotone class containing
L by the distributive laws.QED

Taking h = k = 0 this says that the smallest monotone class containing L+,
the set of non-negative functions in L, is the set BT, the set of non-negative
functions in B.

Here is a series of monotone class theorem style arguments:

Theorem 6.2.1 f,geB =af+bgeB,fVgeBand fAgeB.

For f € B, let
M(f)={g€Blf +9.fVg.fNgeB}
M(f) is a monotone class. If f € L it includes all of L, hence all of B. But

geM(f) & feMlg).

So L € M(g) for any g € B, and since it is a monotone class B C M(g). This
says that f,ge B= f+ge B, fAge Band fVge€ B. Similarly, let M be
the class of functions for which c¢f € B for all real ¢. This is a monotone class
containing L hence contains B. QED
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Lemma 6.2.2 If f € B there exists a g € U such that f < g.

Proof. The limit of a monotone increasing sequence of functions in U belongs
to U. Hence the set of f for which the lemma is true is a monotone class which
contains L. hence it contains B. QED

A function f is L-bounded if there exists a g € LT with |f] < g. A class
F of functions is said to be L-monotone if F is closed under monotone limits of
L-bounded functions.

Theorem 6.2.2 The smallest L-monotone class including L™ is BT.

Proof. Call this smallest family F. If g € L™, the set of all f € Bt such that
f A g € F form a monotone class containing L+, hence containing BT hence
equal to BY. If f € BT and f < gthen fAg = f € F. So F contains all L
bounded functions belonging to B™. Let f € BT. By the lemma, choose g € U
such that f < g, and choose g, € L™ with g, /" ¢g. Then f A g, < g, and so is
L bounded, so f A g, € F. Since (f A gn) — f we see that f € F. So

Bt c F.
We know that BT is a monotone class, in particular an L-monotone class. Hence
F =B*. QED
Define

L' =TL,NnB.
Since L; and B are both closed under the lattice operations,
fel'=ffell=|fleL"
Theorem 6.2.3 If f € B then f € L' & 3g € L' with |f| < g.

We have proved =: simply take g = |f|. For the converse we may assume that
f > 0 by applying the result to £ and f~. The family of all h € Bt such that
h A g € L' is monotone and includes LT so includes BT. So f = fAg € L'.
QED

Extend I to all of BT be setting it = oo on functions which do not belong
to L.

6.3 Measure.

Loomis calls a set A integrable if 14 € B. The monotone class properties of
B imply that the integrable sets form a o-field. Then define

u() = [ 1

and the monotone convergence theorem guarantees that p is a measure.
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Add Stone’s axiom
feL=fAnlelL.

Then the monotone class property implies that this is true with L replaced by
B.

Theorem 6.3.1 f € B and a > 0 = then

Aa = {plf(p) > a}

is an integrable set. If f € L then

M(Aa) < 0.
Proof. Let
foi=n(f = fAra)A1EB.
Then
1 if fl@)>a+
fo(z) = 0 if flz) <a
n(f(z) —a) if a<flz)<att
We have

fn / 1Aa
soly, eBand 0< 1y, < éf‘*‘. QED

Theorem 6.3.2 If f >0 and A, is integrable for all a > 0 then f € B.
Proof. For § > 1 define
A8 = {x]6™ < f(z) < o™t

for m € Z and

fs:= Z 5m1Afn-

Each f5 € B. Take

5, =22".
Then each successive subdivision divides the previous one into “octaves” and
fs,. /" [ QED
Also
fs <[ <4dfs
and
Ifsy = 843 = [ fod
So we have

I(fs) < I(f) < 0I(fs)
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/fadu < /fdu < 6/f5du.

So if either of I(f) or [ fdu is finite they both are and

and

1)~ [ fan| < 6= 0153) < 6= D107,
So
[ fan=10s)
If f e Bt and a > 0 then
{w]f(x)" > b} = {a| f(z) > be}.

So f € Bt = f% € Bt and hence the product of two elements of BT belongs to
BT because

fo==1+9>—(f—9)7].

o~ =

6.4 Holder, Minkowski , L” and L9.

The numbers p, ¢ > 1 are called conjugate if

1 1

-+ -=1.

p q
This is the same as

pPg=p+q

or
P-D-1)=1
This last equation says that if
y=al!
then
z =yl
The area under the curve y = 2P~ from 0 to a is

=
p

while the area between the same curve and the y-axis up toy =0

B=-—.
q
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Suppose b < aP~! to fix the ideas. Then area ab of the rectangle is less than

A+ Bor
aP bl
—+—>ab
p q

with equality if and only if b = a?~!. Replacing a by av and b by b gives
atvi <240,
p q

Let LP denote the space of functions such that |f|P € L. For f € LP define

i~ ( f |f|pdu); |

We will soon see that if p > 1 this is a (semi-)norm.
If fe LP and g € LY with ||f||, # 0 and ||g||q # O take

1P
11

_gl®

b=
llgllq

a

as functions. Then

LU gy L [ g =
Jstgban < 1sballa (Gt [ 1P+ 2y [lata) = W7blol

This shows that the left hand side is integrable and that

\ / fgdu‘ < £ lllgll (6.1)

which is known as Holder’s inequality. (If either ||f||, or |g|l = O then
fg =0 a.e. and Holder’s inequality is trivial.)
We write

(f,9) = /fgdu-

Proposition 6.4.1 [Minkowski’s inequality] If f,g € LP, p > 1 then f+g €
LP and
1+ glly < £l + llgllp-

For p =1 this is obvious. If p > 1
[ + 9" < [2max(|f], 1gD)]" < 27 [|fI" + |g”]
implies that f + g € LP. Write
1f +gllp < I(Lf + gP=H D + I(f + 9" gl).-

Now
gqp—1)=qgqp—q=p
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S0
If +glPt e L,

and its || - ||, norm is

I(f+g/P)i =I(f +aP) 5 = I(f +9")F = If +gl5"

So we can write the preceding inequality as

1F +gllp < (FL1f +glP=h) + (gl 1f + 977

and apply Holder’s inequality to conclude that

1f =+ gl < ILf + glP= £ 1l + Nlgllp)-

We may divide by [|f +g[[5~" to get Minkowski’s inequality unless || f +gl|, = 0
in which case it is obvious. QED

Theorem 6.4.1 LP is complete.
Proof. Suppose f, >0, f, € L?, and Y || fu|lp < 0o Then

kn::i:fjelf’
1

by Minkowski and since k,, /' f we have |k,|P ' fP and hence by the monotone
convergence theorem f =327, f, € L? and || f[|, = lim ||k, [, < 301 f5lp-

Now let {f,} be any Cauchy sequence in LP. By passing to a subsequence
we may assume that

1
||fn+1 - anp < 27

So > | fi+1 — fil € LP and hence
gni=fn— > _|fisr = il € L7 and by, = fu+ Y |fis1 — fil € L7

We have
In+1 — Gn = fn—i—l - fn + |fn+1 - fn‘ Z 0

SO gn is increasing and similarly h,, is decreasing. Hence f :=limg, € L? and
If = fallp < 1A — gullp <2772 — 0. So the subsequence has a limit which
then must be the limit of the original sequence. QED

Proposition 6.4.2 L is dense in LP for any 1 < p < oo.

Proof. For p = 1 this was a defining property of L'. More generally, suppose
that f € L? and that f > 0. Let

Ay = {x%<f(:1c) <n},
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and let
gn = [f1a,.
Then (f—g,) \, 0 as n — co. Choose n sufficiently large so that || f—g, |, < €/2.

Since
0<gn<nla, and u(A,)<nPI(|f]") <

we conclude that
gn € L.

Now choose h € LTt so that

€ \P
h=guh < (57
Ih = gall < (55

and also so that h < n. Then

h=gnlly = (I(Ih— gal"))"?
= (I(h = gal? = gal))
< (I M- gal)
= (k- galh)"”
< €/2.

So by the triangle inequality || f — h|| < e. QED

In the above, we have not bothered to pass to the quotient by the elements
of norm zero. In other words, we have not identified two functions which differ
on a set of measure zero. We will continue with this ambiguity. But equally
well, we could change our notation, and use LP to denote the quotient space (as
we did earlier in class) and denote the space before we pass to the quotient by
LP to conform with our earlier notation. I will continue to be sloppy on this
point, in conformity to Loomis’ notation.

6.5 | ‘|« is the essential sup norm.

Suppose that f € B has the property that it is equal almost everywhere to a
function which is bounded above. We call such a function essentially bounded
(from above). We can then define the essential least upper bound of f to be
the smallest number which is an upper bound for a function which differs from
f on a set of measure zero. If |f| is essentially bounded, we denote its essential
least upper bound by ||f|lcc. Otherwise we say that ||f|lcc = co. We let £
denote the space of f € B which have ||f|lcc < 0o. It is clear that || - [|oo is a
semi-norm on this space. The justification for this notation is

Theorem 6.5.1 [14G] If f € L? for some p > 0 then

1Fllee = lim [I£lg- (6.2)
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Remark. In the statement of the theorem, both sides of (6.2) are allowed to
be oco.

Proof. If || f|lcc = 0, then ||f|l; = 0 for all ¢ > 0 so the result is trivial in this
case. So let us assume that || f]|s > 0 and let a be any positive number smaller
that || f]|eo. In other words,

0<a<|fllo-

Let
Ag =z o |f(2)] > a}.

This set has positive measure by the choice of a, and its measure is finite since
fe Ll Also
1/q )
1= ([ 1617) 2 autane

lim inf ||f|lq > a
q—00

Letting ¢ — oo gives

and since a can be any number < || f||s we conclude that
lim inf [ f[lg = [|f]loo-
q—00

So we need to prove that
lim [[ fllg < [1f]loo-

This is obvious if || f|lcc = 00. So suppose that ||f||c is finite. Then for ¢ > p
we have

A1 < TSP oo™
almost everywhere. Integrating and taking the g-th root gives

1£1la < (FlR) s (I flloo)' 5
Letting ¢ — oo gives the desired result. QED

6.6 The Radon-Nikodym Theorem.

Suppose we are given two integrals, I and J on the same space L. That is, both
I and J satisfy the three conditions of linearity, positivity, and the monotone
limit property that went into our definition of the term “integral”. We say that
J is absolutely continuous with respect to I if every set which is I null (i.e.
has measure zero with respect to the measure associated to I) is J null.

The integral I is said to be bounded if

I(1) < o0,
or, what amounts to the same thing, that

pr(S) < oo
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where 7 is the measure associated to 1.

We will first formulate the Radon-Nikodym theorem for the case of bounded
integrals, where there is a very clever proof due to von-Neumman which reduces
it to the Riesz representation theorem in Hilbert space theory.

Theorem 6.6.1 [Radon-Nikodym]| Let I and J be bounded integrals, and
suppose that J is absolutely continuous with respect to I. Then there exists an
element fo € LY(I) such that

J(f)=1(ffo) ¥ feL(J]) (6.3)
The element fy is unique up to equality almost everywhere (with respect to py).

Proof.(After von-Neumann.) Consider the linear function
K:=I+J

on L. Then K satisfies all three conditions in our definition of an integral, and in
addition is bounded. We know from the case p = 2 of Theorem 6.4.1 that L?(K)
is a (real) Hilbert space. (Assume for this argument that we have passed to the
quotient space so an element of L?(K) is an equivalence class of of functions.)
The fact that K is bounded, says that 1 := 15 € L?(K). If f € L?(K) then the
Cauchy-Schwartz inequality says that

K(fD) = EK(f1-1) = ([l D2.x <

so |f| and hence f are elements of L*(K).
Furthermore,

2.k || 1|2, < 0

SO < TS < KAFD < 1 fllo, 112,56

for all f € L. Since we know that L is dense in L?(K) by Proposition 6.4.2, J
extends to a unique continuous linear functional on L?(K). We conclude from
the real version of the Riesz representation theorem, that there exists a unique

g € L*(K) such that

J(f) = (f,9)2.x = K(fg).

If A is any subset of S of positive measure, then J(14) = K(14g) so g is non-
negative. (More precisely, g is equivalent almost everywhere to a function which
is non-negative.) We obtain inductively

J(f) = K(fg)=
I(fo)+J(fg) = I(fg)+I(fg*) +J(fg*) =

= I <f~Zgi> +J(fg")-
=1

Let N be the set of all x where g(z) > 1. Taking f = 1y in the preceding string
of equalities shows that

Since n is arbitrary, we have proved
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Lemma 6.6.1 The set where g > 1 has I measure zero.

We have not yet used the assumption that J is absolutely continuous with
respect to I. Let us now use this assumption to conclude that N is also J-null.
This means that if f > 0 and f € L'(J) then fg" \, 0 almost everywhere (J),
and hence by the dominated convergence theorem

J(fg") \. 0.

Plugging this back into the above string of equalities shows (by the monotone
convergence theorem for I) that

converges in the L!(I) norm to J(f). In particular, since J(1) < oo, we may
take f =1 and conclude that Y -, ¢* converges in L*(I). So set

for=>_g' € L'(I).
=1

We have )
fo= T almost everywhere
-9
g= Jo—1
fo

SO

almost everywhere

and
J(f)=1(ffo)

for f > 0, f € L*(J). By breaking any f € L'(J) into the difference of its
positive and negative parts, we conclude that (6.3) holds for all f € L*(J). The
uniqueness of fy (almost everywhere (I)) follows from the uniqueness of g in
L?(K). QED

The Radon Nikodym theorem can be extended in two directions. First of
all, let us continue with our assumption that I and J are bounded, but drop the
absolute continuity requirement. Let us say that an integral H is absolutely
singular with respect to I if there is a set N of I-measure zero such that
J(h) = 0 for any h vanishing on N.

Let us now go back to Lemma 6.6.1. Define Jying by

Jsing(f) = J(]-Nf)
Then Jgng is singular with respect to I, and we can write
J = Jeont + Jsing

where
Jcont =J- Jsing = J(].N(‘)
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Then we can apply the rest of the proof of the Radon Nikodym theorem to Jeont
to conclude that

Jcont(f) = I(ffO)

where fy = Z;’il(lNCg)i is an element of L'(I) as before. In particular, Jeons
is absolutely continuous with respect to 1.

A second extension is to certain situations where S is not of finite measure.
We say that a function f is locally L' if f1, € L' for every set A with
1(A) < co. We say that S is o-finite with respect to u if S is a countable union
of sets of finite p measure. This is the same as saying that 1 =1g € B. If S
is o-finite then it can be written as a disjoint union of sets of finite measure.
If S is o-finite with respect to both I and J it can be written as the disjoint
union of countably many sets which are both I and J finite. So if J is absolutely
continuous with respect I, we can apply the Radon-Nikodym theorem to each of
these sets of finite measure, and conclude that there is an fo which is locally L!
with respect to I, such that J(f) = I(ffo) for all f € L'(J), and f, is unique
up to almost everywhere equality.

6.7 The dual space of LP.

Recall that Holder’s inequality (6.1) says that

‘ / fgdu‘ < £ lpllglla

if f e LP and g € L? where

S4-=1
p q

For the rest of this section we will assume without further mention that this

relation between p and ¢ holds. Holder’s inequality implies that we have a map

from

L7 — (LP)*

sending g € L? to the continuous linear function on LP which sends

f e I(fg) = / fadp.

Furthermore, Holder’s inequality says that the norm of this map from L9 —
(LP)* is < 1. In particular, this map is injective.

The theorem we want to prove is that under suitable conditions on S and
I (which are more general even that o-finiteness) this map is surjective for
1<p<oo.

We will first prove the theorem in the case where u(S) < oo, that is when I
is a bounded integral. For this we will will need a lemma:
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6.7.1 The variations of a bounded functional.

Suppose we start with an arbitrary L and I. For each 1 < p < co we have the

norm || - ||, on L which makes L into a real normed linear space. Let F' be a
linear function on L which is bounded with respect to this norm, so that
[F(N)] < ClIfllp

for all f € L where C is some non-negative constant. The least upper bound of
the set of C' which work is called || F||, as usual. If f > 0 € L, define

F¥(f) =lub{F(g): 0< g < f, g€ L}

Then
Fr(f)>0

and
FE(f) < Flpll fllp

since F(g) < |F(g)] < IF|llglly < IIFl Il for all 0 < g < f, g € L, since
0 < g < f implies |g|P < |f|P for 1 < p < oo and also implies ||g|lcc < || fl]oo-
Also

Ffef)=cFT(f) V>0

as follows directly from the definition. Suppose that f; and fo are both non-
negative elements of L. If g1, ¢go € L with

0<g1<fr and0<g2< fo
then
Fr(fi+ f2) > Wb F(g1 + g1) = lub F(g1) + lub F(g2) = F*(f1) + F*(f2).

On the other hand, if g € L satisfies 0 < g < (f1 + f2) then 0 < gA f1 < f1, and
gAf1 € L. Also g—gA f1 € L and vanishes at points x where g(z) < fi(x) while
at points where g(z) > f1(z) we have g(z) — g A fi(z) = g(z) — fi(z) < fa(2).
So

g—gNf1 < fa
and so
F*(fi+ f2) =lubF(9) <WubF(gA f1) +lubF(g—gA f1) < FH(f1) + F1(f2).

So
Fr(fi+ fo) = F"(f1) + F*(f2)
if both f; and fo are non-negative elements of L. Now write any f € L as

f = fi — ¢1 where f; and g¢; are non-negative. (For example we could take
fi=f"and g1 = f~.) Define

FH(f)=F"(f1) = F"(q1)-
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This is well defined, for if we also had f = fo — go then f; + g2 = fo + g1 so

FY(fi)+ F (g2) = FT(fi+92) = F (fa+g1) = F*(fa) + F" (1)

F+(f1) - F+(91) = F+(f2) - F+(92)-

From this it follows that F'+ so extended is linear, and

[FXOI<FHALD) < IF Nl £l

so Ft is bounded.
Define F~ by

F(f) = F*(f) = F(f).

As F~ is the difference of two linear functions it is linear. Since by its definition,
FY(f) > F(f) if f > 0, we see that F~(f) > 0if f > 0. Clearly ||F7| <
I|F* |, + ||1F]| < 2||F||,. We have proved:

Proposition 6.7.1 FEvery linear function on L which is bounded with respect
to the || - ||, norm can be written as the difference F = F* — F~ of two lin-
ear functions which are bounded and take mon-negative values on non-negative

functions.

In fact, we could formulate this proposition more abstractly as dealing with a
normed vector space which has an order relation consistent with its metric but
we shall refrain from this more abstract formulation.

6.7.2 Duality of L” and L¢ when u(S) < oc.

Theorem 6.7.1 Suppose that u(S) < oo and that F is a bounded linear func-
tion on LP with 1 < p < co. Then there exists a unique g € LY such that

F(f)=(f.9) =1(f9)-
Hereq=p/(p—1)ifp>1andg=oc0 if p=1.

Proof. Consider the restriction of F to L. We know that F = F* — F~ where
both F* and F~ are linear and non-negative and are bounded with respect to
the ||+ ||, norm on L. The monotone convergence theorem implies that if f,, \, 0
then || f,]|, — 0 and the boundedness of F* with respect to the || - ||, says that

an”p_}O = F+(fn)_’0'

So FT satisfies all the axioms for an integral, and so does F'~. If f vanishes
outside a set of I measure zero, then || f||, = 0. Applied to a function of the form

= 14 we conclude that if A has p = u; measure zero, then A has measure
zero with respect to the measures determined by F* or F~. We can apply the
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Radon-Nikodym theorem to conclude that there are functions g* and g~ which
belong to L!(I) and such that

FE(f) = 1(fg™)
for every f which belongs to L!(F*). In particular, if we set g := g™ — g~ then

F(f)=1(fg)

for every function f which is integrable with respect to both '™ and F~, in
particular for any f € LP(I). We must show that g € L9.

We first treat the case where p > 1. Suppose that 0 < f < |g| and that f is
bounded. Then

I(f9) <I(f7" -sgn(g)g) = F(f7 " -sgn(g)) < [IF[lpll 4 [l,-
So .
I(f9) < |[Flp(I(f197 7)) 7.
Now (¢ — 1)p = ¢ so we have

I(f9) < |FllI(f9)7 = | Fll,I(f9)" 5.

This gives
1fllq < 1F1lp
for all 0 < f < |g| with f bounded. We can choose such functions f,, with
fn " lg|. It follows from the monotone convergence theorem that |g| and hence
g € Li(I). This proves the theorem for p > 1.
Let us now give the argument for p = 1. We want to show that ||g||cc < ||F|1.
Suppose that ||g]lco > ||F|l1 + € where € > 0. Consider the function 14 where

= {o:lg@) > |[Fll + 5}
Then
(IFlls + 5)u(A) < I(Lalg)) = I(Lasgn(g)g) = F(Lasgn(s))

< 1T asgn(g)lly = [[F][1p(A)

which is impossible unless u(A) = 0, contrary to our assumption. QED

6.7.3 The case where u(5) = cc.

Here the cases p > 1 and p = 1 may be different, depending on “how infinite S
is”.

Let us first consider the case where p > 1. If we restrict the functional F' to
any subspace of LP its norm can only decrease. Consider a subspace consisting

of all functions which vanish outside a subset S; where u(S;) < oco. We get
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a corresponding function ¢; defined on S; (and set equal to zero off S;) with
lgillg < |1F|lp and F(f) = I(fg1) for all f belonging to this subspace. If (Sa, g2)
is a second such pair, then the uniqueness part of the theorem shows that g; = g»
almost everywhere on S; N Se. Thus we can consistently define g12 on S; U Ss.
Let

b= lub{l|galls}

taken over all such g,. Since this set of numbers is bounded by ||F||, this least
upper bound is finite. We can therefore find a nested sequence of sets S,, and
corresponding functions g,, such that

lgnllq /.
By the triangle inequality, if n > m then

llgn — gm”q < Hgnnq - Hgmnq

and so, as in your proof of the L? Martingale convergence theorem, this sequence
is Cauchy in the || - ||; norm. Hence there is a limit g € L? and g is supported

on
So = Sn.

There can be no pair (S’,¢’) with S disjoint from Sy and ¢’ # 0 on a subset
of positive measure of S’. Indeed, if this were the case, then we could consider
g+¢ on SUS’ and this would have a strictly larger | - ||, norm than ||g|; = b,
contradicting the definition of b. (It is at this point in the argument that we use
q < oo which is the same as p > 1.) Thus F vanishes on any function which is
supported outside Sy. We have thus reduced the theorem to the case where S
is o-finite.

If S is o-finite, decompose S into a disjoint union of sets A; of finite measure.
Let f,, denote the restriction of f € L? to A,, and let h,, denote the restriction

of g to A,,. Then
Z fm = f
m=1

as a convergent series in LP and so

F(f):ZF(fm):Z/A fmhm

and this last series converges to I(fg) in L.

So we have proved that (LP)* = L9 in complete generality when p > 1, and
for o-finite S when p = 1.

It may happen (and will happen when we consider the Haar integral on the
most general locally compact group) that we don’t even have o-finiteness. But
we will have the following more complicated condition: Recall that a set A is
called integrable (by Loomis) if 14 € B. Now suppose that

S=JS%
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where this union is disjoint, but possibly uncountable, of integrable sets, and
with the property that every integrable set is contained in at most a countable
union of the S,. A set A is called measurable if the intersections A N S, are
all integrable, and a function is called measurable if its restriction to each S,
has the property that the restriction of f to each S, belongs to B, and further,
that either the restriction of f* to every S, or the restriction of f~ to every
S, belongs to L'.

If we find ourselves in this situation, then we can find a g, on each S, since
Sy is o-finite, and piece these all together to get a g defined on all of S. If
f € L' then the set where f # 0 can have intersections with positive measure
with only countably many of the S, and so we can apply the result for the
o-finite case for p = 1 to this more general case as well.

6.8 Integration on locally compact Hausdorff spaces.

Suppose that S is a locally compact Hausdorff space. As in the case of R",
we can (and will) take L to be the space of continuous functions of compact
support. Dini’s lemma then says that if f,, € L \, 0 then f,, — 0 in the uniform
topology.

If A is any subset of S we will denote the set of f € L whose support is
contained in A by L.

Lemma 6.8.1 A non-negative linear function I is bounded in the uniform norm
on Lo whenever C' is compact.

Proof. Choose g > 0 € L so that g(z) > 1 for x € C. If f € L¢ then

If1 < 1fllscg
S0

H(HI < I(f]) < 1(g) - [Iflloo- QED.

6.8.1 Riesz representation theorems.
This is the same Riesz, but two more theorems.
Theorem 6.8.1 FEvery non-negative linear functional I on L is an integral.

Proof. This is Dini’s lemma together with the preceding lemma. Indeed, by
Dini we know that f,, € L\, 0 implies that || f,|lcc \\ 0. Since f; has compact
support, let C' be its support, a compact set. All the succeeding f, are then
also supported in C' and so by the preceding lemma I(f,) \, 0. QED

Theorem 6.8.2 Let F' be a bounded linear function on L (with respect to the
uniform norm). Then there are two integrals It and I~ such that

F(f)=1I"(f) = 1" (f).
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Proof. We apply Proposition 6.7.1 to the case of our L and with the uniform
norm, | - [leo. We get
F=Ft—-F~

and an examination of he proof will show that in fact
+
[F= oo < [1Floo-

By the preceding theorem, F'* are both integrals. QED

6.8.2 Fubini’s theorem.

Theorem 6.8.3 Let S; and So be locally compact Hausdorff spaces and let 1
and J be non-negative linear functionals on L(S1) and L(S3) respectively. Then

Lo (Jyh(z, ) = Jy(Ls(h(z,y))

for every h € L(S1 x S2) in the obvious notation, and this common value is an
integral on L(S1 X S2).

Proof via Stone-Weierstrass. The equation in the theorem is clearly true
if h(z,y) = f(z)g(y) where f € L(S1) and g € L(S2) and so it is true for any
h which can be written as a finite sum of such functions. Let h be a general
element of L(S7 x S3). then we can find compact subsets C; C S; and Cy C Sy
such that A is supported in the compact set C; x Cy. The functions of the form

> fi@)agi(y)

where the f; are all supported in C; and the g; in C5, and the sum is finite,
form an algebra which separates points. So for any € > 0 we can find a k of the
above form with

1h — Ko < €.

Let B; and B be bounds for I on L(C7) and J on L(C3) as provided by Lemma
6.8.1. Then

[ Tyh(a,y) = J(g) fi(@)] = [y (f = k)](z)| < €Ba.
This shows that J,h(x,y) is the uniform limit of continuous functions supported

in Cy and so Jyh(z,y) is itself continuous and supported in C;. It then follows
that I,(Jy(h) is defined, and that

| Jh.’[?y ZI gz|<63132
Doing things in the reverse order shows that

Im(Jyh(x,y)) - Jy(Iw(h($7y))| < 2¢B1 Bs.
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Since e is arbitrary, this gives the equality in the theorem. Since this (same)
functional is non-negative, it is an integral by the first of the Riesz representation
theorems above. QED

Let X be a locally compact Hausdorff space, and let L denote the space of
continuous functions of compact support on X. Recall that the Riesz represen-
tation theorem (one of them) asserts that any non-negative linear function I on
L satisfies the starting axioms for the Daniell integral, and hence corresponds
to a measure p defined on a o-field, and such that I(f) is given by integration
of f relative to this measure for any f € L.

6.9 The Riesz representation theorem redux.

I want to give an alternative proof of the Riesz representation theorem which
will give some information about the possible o-fields on which p is defined. In
particular, I want to show that we can find a p (which is possibly an extension
of the p given by our previous proof of the Riesz representation theorem) which
is defined on a o-field which contains the Borel field B(X). Recall that B(X) is
the smallest o-field which contains the open sets.

Let F be a o-field which contains B(X). A (non-negative valued) measure
won F is called regular if

1. u(K) < oo for any compact subset K C X.
2. For any A € F

w(A) =inf{u(U): ACU, U open}

3. If U C X is open then

w(U) =sup{p(K) : K C U, K compact }.

The second condition is called outer regularity and the third condition is
called inner regularity.

6.9.1 Statement of the theorem.

Here is the improved version of the Riesz representation theorem:

Theorem 6.9.1 Let X be a locally compact Hausdorff space, L the space of
continuous functions of compact support on X, and I a mon-negative linear
functional on L. Then there exists a o-field F containing B(X) and a non-
negative reqular measure p on F such that

1) = [ fan (6.4)

for all f € L. Furthermore, the restriction of u to B(X) is unique.
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The proof of this theorem hinges on some topological facts whose true place is
in the chapter on metric spaces, but I will prove them here. The importance
of the theorem is that it will allow us to derive some conclusions about spaces
which are very huge (such as the space of “all” paths in R™) but are nevertheless
locally compact (in fact compact) Hausdorfl spaces. It is because we want to
consider such spaces, that the earlier proof, which hinged on taking limits of
sequences in the very definition of the Daniell integral, is insufficient to get at
the results we want.

6.9.2 Propositions in topology.

Proposition 6.9.1 Let X be a Hausdorff space, and let H and K be disjoint
compact subsets of X. Then there exist disjoint open subsets U and V of X
such that H CU and K C V.

This we actually did prove in the chapter on metric spaces.

Proposition 6.9.2 Let X be a locally compact Hausdorff space, x € X, and U
an open set containing x. Then there exists an open set O such that

e x 0
e O is compact, and
e OCU.

Proof. Choose an open neighborhood W of z whose closure is compact, which
is possible since we are assuming that X is locally compact. Let Z =UNW so
that Z is compact and hence so is H := Z \ Z. Take K := {z} in the preceding
proposition. We then get an open set V' containing x which is disjoint from an
open set G containing Z \ Z. Take O := VN Z. Then x € O and O C Z is
compact and O has empty intersection with Z \ Z, and hence is is contained in
Z cU. QED

Proposition 6.9.3 Let X be a locally compact Hausdorff space, K C U with
K compact and U open subsets of X. Then there exists a V with

KcvVcVcUu

with V open and V compact.

Proof. Each z € K has a neighborhood O with compact closure contained
in U, by the preceding proposition. The set of these O cover K, so a finite
subcollection of them cover K and the union of this finite subcollection gives
the desired V.

Proposition 6.9.4 Let X be a locally compact Hausdorff space, K C U with K
compact and U open. Then there exists a continuous function h with compact
support such that

1x <h <1y
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and
Supp(h) C U.

Proof. Choose V as in Proposition 6.9.3. By Urysohn’s lemma applied to the

compact space V we can find a function h : V — [0,1] such that h = 1 on K
and f =0on V\V. Extend h to be zero on the complement of V. Then h does
the trick.

Proposition 6.9.5 Let X be a locally compact Hausdorff space, f € L, i.e. f
s a continuous function of compact support on X. Suppose that there are open
subsets Uy, . ..U, such that

n

Supp(f) € |J Ui

i=1

Then there are f1,..., fn € L such that
Supp(fi) C U

and
f=fitt

If f is non-negative, the f; can be chosen so as to be non-negative.

Proof. By induction, it is enough to consider the case n = 2. Let K := Supp(f),
so K c Uy UUs,. Let

L1 I:K\Ul, L2 :K\U2

So L1 and Ly are disjoint compact sets. By Proposition 6.9.1 we can find disjoint
open sets V7, Vo with
Ly C ‘/1, Lo C V5.

Set
Ky = K\Vi, Ky: =K\ V.

Then K7 and K5 are compact, and
K=K UKy, K;CU;, KyCUs.
Choose h; and ho as in Proposition 6.9.4. Then set
¢1:=hy1, ¢2:=ho —h1 A hs.

Then Supp(¢1) = Supp(hy) C Uy by construction, and Supp(¢2) C Supp(hs) C
Us, the ¢; take values in [0, 1], and, if € K = Supp(Jf)

¢1(z) + ¢p2(z) = (h1 V ha)(z) = 1.

Then set
fii=¢1f, fo:=af.
QED
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6.9.3 Proof of the uniqueness of the yu restricted to 5(X).
It is enough to prove that

p(U) = sup{I(f): feL, 0<f <1y} (6.5)

= sup{I(f): feL, 0<f <1y, Supp(f) CU} (6.6)

for any open set U, since either of these equations determines p on any open
set U and hence for the Borel field.

Since f < 1y and both are measurable functions, it is clear that u(U) = [ 1y
is at least as large as the expression on the right hand side of (6.5). This in
turn is as least as large as the right hand side of (6.6) since the supremum in
(6.6) is taken over as smaller set of functions that that of (6.5). So it is enough
to prove that pu(U) is < the right hand side of (6.6).

Let a < u(U). Interior regularity implies that we can find a compact set
K C U with

a < p(K).

Take the f provided by Proposition 6.9.4. Then a < I(f), and so the right hand
side of (6.6) is > a. Since a was any number < u(U), we conclude that u(U) is
< the right hand side of 6.6). QED

6.10 Existence.

We will
e define a function m* defined on all subsets,
e show that it is an outer measure,

e show that the set of measurable sets in the sense of Caratheodory include
all the Borel sets, and that

e integration with respect to the associated measure p assigns I(f) to every
feL.

6.10.1 Definition.
Define m* on open sets by
m*(U) =sup{I(f): feL,0<f<1y, Supp(f) CU}. (6.7)

Clearly, if U C V are open subsets, m*(U) < m*(V). Next define m* on an
arbitrary subset by

m*(A) = inf{m*(U): ACU, U open}. (6.8)

Since U is contained in itself, this does not change the definition on open sets.
It is clear that m*(@)) = 0 and that A C B implies that m*(4) < m*(B). So
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to prove that m* is an outer measure we must prove countable subadditivity.
We will first prove countable subadditivity on open sets, and then use the €/2"
argument to conclude countable subadditivity on all sets:

Suppose {U,} is a sequence of open sets. We wish to prove that

m* (U Un> <> m*(Un). (6.9)

Set

U= U,

n

and suppose that

Since Supp(f) is compact and contained in U, it is covered by finitely many of
the U;. In other words, there is some finite integer N such that

N

Supp(f) C U U,.

n=1

By Proposition 6.9.5 we can write

f=fi+-+fn, Supp(f;) cU;, i=1,...,N.

Then
I(f) =Y _I(fi) <Y m*(Uy),

using the definition (6.7). Replacing the finite sum on the right hand side of
this inequality by the infinite sum, and then taking the supremum over f proves
(6.9), where we use the definition (6.7) once again.

Next let {A,,} be any sequence of subsets of X. We wish to prove that

m* (U An> < Z m*(Ay).
This is automatic if the right hand side is infinite. So assume that
Z m*(A,) < oo

and choose open sets U, D A,, so that

£
on’
Then U := |JU, is an open set containing A :=J A,, and

m*(A) <m*(U) <> m*(U); <> m*(An) +e

m*(Up) <m*(Ayn) +

Since € is arbitrary, we have proved countable subadditivity.
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6.10.2 Measurability of the Borel sets.

Let F denote the collection of subsets which are measurable in the sense of
Caratheodory for the outer measure m*. We wish to prove that F O B(X).
Since B(X) is the o-field generated by the open sets, it is enough to show that

every open set is measurable in the sense of Caratheodory, i.e. that

m*(A) >m*(ANU)+m*(ANU°)

(6.10)

for any open set U and any set A with m*(A) < oo: If € > 0, choose an open

set V O A with
m* (V) <m*(A) +e

which is possible by the definition (6.8). We will show that
m* (V) >m*(VNnU)+m*(VNU®) — 2e.
This will then imply that
m*(A) >m*(ANU)+m*"(ANU®) — 3¢

and since € > 0 is arbitrary, this will imply (6.10).
Using the definition (6.7), we can find an f; € L such that

f1 <1lyny and  Supp(fi) cVNU

with
I(f1) >m*(VNU) —e.

Let K := Supp(f1). Then K C U and so K¢ D U®¢ and K¢ is open.

V N K¢ is an open set and
VNK D>VNU"
Using the definition (6.7), we can find an fo € L such that
Jo <1lynge and  Supp(fz) CVNK®

with
I(fs) >m* (VN K —e

But m*(V N K°) > m*(V NU®) since VN KDV U So
I(f2) >m* (VAU —e

So
fit fo<lg+1lyage <1y

since K = Supp(f1) C V and Supp(fz) C VN K. Also
Supp(fi + f2) C(KUVNK®) =V.
Thus f = f1 + f2 € L and so by (6.7),
I(fi+ f2) <m*(V).

This proves (6.11) and hence that all Borel sets are measurable.

(6.11)

Hence
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6.10.3 Compact sets have finite measure.

Let 1 be the measure associated to m on the o-field F of measurable sets. We
will now prove that y is regular. The condition of outer regularity is automatic,
since this was how we defined pu(A) = m*(A) for a general set.

If K is a compact subset of X, we can find an f € L such that 1x < f by
Proposition 6.9.4. Let 0 < € < 1 and set

Us:={z: f(z) >1—¢€}.

Then U, is an open set containing K. If 0 < g € L satisfies ¢ < 1y, then ¢ =0
on U¢, and for z € U, g(x) <1 while f(z) >1—¢€. So

1
91—/
and hence, by (6.7)
' (U) < T 1()).
So, by (6.8)
p(K) < m*(U) < T 1(]) < o0,

Reviewing the preceding argument, we see that we have in fact proved the
more general statement

Proposition 6.10.1 If A is any subset of X and f € L is such that
14<f
then
m*(A) < I(f).

6.10.4 Interior regularity.

We now prove interior regularity, which will be very important for us. We wish
to prove that
w(U) =sup{u(K): K CU, K compact },

for any open set U, where, according to (6.7),
m*(U) =sup{I(f): f€L,0< f <1y, Supp(f) C U}
Since Supp(f) is compact, and contained in U, we will be done if we show that

feL, 0<f<1=I(f) < p(Supp(f)). (6.12)

So let V be an open set containing Supp(f). By definition (6.7),

u(V) = I(f)
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and, since V' is an arbitrary open set containing Supp(f), we have

w(Supp(f)) > I(f)

using the definition (6.8) of m*(Supp(f)).
In the course of this argument we have proved

Proposition 6.10.2 Ifg € L,0 < g < 1k where K is compact, then
I(g) < p(K).

6.10.5 Conclusion of the proof.

Finally, we must show that all the elements of L are integrable with respect to
w and

Hﬂ:/}w. (6.13)

Since the elements of L are continuous, they are Borel measurable. As every
f € L can be written as the difference of two non-negative elements of L, and as
both sides of (6.13) are linear in f, it is enough to prove (6.13) for non-negative
functions.

Following Lebesgue, divide the “y-axis” up into intervals of size e. That is,
let € be a positive number, and, for every positive integer n set

0 if fl@) < (n-—1)e
folx):=< fl&)—(n—1e if (n—1)e< f(z) < ne
€ if ne < f(x)

If (n—1)e > || f]|co only the first alternative can occur, so all but finitely many of
the f,, vanish, and they all are continuous and have compact support so belong

to L. Also
F=Yfa
this sum being finite, as we have observed, and so
I(f) =D 1(fa)-
Set Ko := Supp(f) and
K, :={z: f(z) >ne} n=1,2,....

Then the K; are a nested decreasing collection of compact sets, and

elg, < fn <e€lg, ,.
By Propositions 6.10.1 and6.10.2 we have
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On the other hand, the monotonicity of the integral (and its definition) imply
that

e,U'(Kn) S /fnd,u S €U(Kn—1)-
Summing these inequalities gives

K SI0) £eY ulk)
K.

—

N—-1

n) < [ fdu EZM(Kn)

i=0

N
S
i=1
N
S
i=1
where N is sufficiently large. Thus I(f) and [ fdp lie within a distance

N-—1 N
€ Z W(EKn) — €Y p(Ky) = ep(Ko) — en(Ky) < ep(Supp(f))

= i=1

of one another. Since € is arbitrary, we have proved (6.13) and completed the
proof of the Riesz representation theorem:.
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Chapter 7

Wiener measure, Brownian
motion and white noise.

7.1 Wiener measure.

We begin by constructing Wiener measure following a paper by Nelson, Journal
of Mathematical Physics 5 (1964) 332-343.

7.1.1 The Big Path Space.

Let R™ denote the one point compactification of R™. Let

Q=[] R (7.1)

0<t<o0o

be the product of copies of R“, one for each non-negative ¢. This is an uncount-
able product, and so a huge space, but by Tychonoff’s theorem, it is compact
and Hausdorff. We can think of a point w of ) as being a function from R, to
R“, i.e. as as a “curve” with no restrictions whatsoever.

Let F be a continuous function on the m-fold product:

F: ﬁR“%R,

i=1
and let t; <ty < ... < t,, be fixed “times”. Define
(b = ¢F;t1,.4.,tm Q=R

by
dpw):=F(w(t),...,w(tm)).

We can call such a function a finite function since its value at w depends only
on the values of w at finitely many points. The set of such functions satisfies our

187
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abstract axioms for a space on which we can define integration. Furthermore,
the set of such functions is an algebra containing 1 and which separates points,
so is dense in C'(£2) by the Stone-Weierstrass theorem. Let us call the space of
such functions C;p, ().

If we define an integral I on C;,,(€2) then, by the Stone-Weierstrass theorem
it extends to C(2) and therefore, by the Riesz representation theorem, gives us
a regular Borel measure on 2.

For each x € R™ we are going to define such an integral, I, by

/"'/F($17$27-~-,mm)p(%»’ﬂl;tl)]?(xl,$2;t2*t1)"'P(Sﬂm—l,mm,tm*tm—l)dm~.-

when ¢ = ¢py, ...+, Where

1 e
Pl yit) = (oarme (rmv)/2 (7.2)

(with p(z, 00) = 0) and all integrations are over R™. In order to check that this
is well defined, we have to verify that if I does not depend on a given z; then
we get the same answer if we define ¢ in terms of the corresponding function of
the remaining m — 1 variables. This amounts to the computation

/p(x, y; s)p(y, 2, t)dy = p(x, 235 4+ t).

If n = 1 this is the computation

1

2 e sy 2 gy 1 @2?/204t)

2m(s +t)
If we make the change of variables u = z — y this becomes
Ng*Ng = Nits

where
1 €7m2/2r )

ny(x) == 7
In terms of our “scaling operator” S, given by S, f(z) = f(az) we can write

1
n.=r 25 _1in
r 2

where n is the unit Gaussian n(z) = e=**/2. Now the Fourier transform takes

convolution into multiplication, satisfies

(SafV = (1/a)S1/af,

dz,,
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and takes the unit Gaussian into the unit Gaussian. Thus upon Fourier trans-
form, the equation n; x ny = nyys becomes the obvious fact that

o567 /2,167 /2 _ —(s+1)€%/2
The same proof (or an iterated version of the one dimensional result) applies in
n-dimensions.

So, for each x € R™ we have defined a measure on €. We denote the
measure corresponding to I, by pr,. It is a probability measure in the sense
that pr,(Q) = 1.

The intuitive idea behind the definition of pr, is that it assigns probability

pr,(E) =

/ / p(xaxl;tl)p(zlaZQ;tQ*tl)"'p(mm—laxm;tm*tm—l)d‘rl-udajm
Ey En,

to the set of all paths w which start at x and pass through the set F; at time
t1, the set Fy at time o etc. and we have denoted this set of paths by FE.

7.1.2 The heat equation.

We pause to reflect upon the computation we did in the preceding section.
Define the operator T; on the space S (or on §’) by

Th)w) = [ ple0) )y, (7.3

In other words, T} is the operation of convolution with
t—vL/Ze—x2/2t.
We have verified that
Tt [©] TS = Tt+S' (74)

Also, we have verified that when we take Fourier transforms,

~ —_ 2 r
(Tof) (&) = e 2 f(9). (7.5)
If we let ¢ — 0 in this equation we get

}in(l) T; = Identity. (7.6)

Using some language we will introduce later, conditions (7.4) and (7.6) say that
the T} form a continuous semi-group of operators. If we differentiate (7.5) with
respect to ¢, and let

u(t, z) := (Tif)(x)
we see that u is a solution of the “heat equation”
0*u 0%u 0%u

@02~ @22 T (e
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with the initial conditions u(0,z) = f(x). In terms of the operator

we are tempted to write
Tt = e_tA7

in analogy to our study of elliptic operators on compact manifolds. We will
spend lot of time justifying these kind of formulas in the non-compact setting
later on in the course.

7.1.3 Paths are continuous with probability one.

The purpose of this subsection is to prove that if we use the measure pr,, then
the set of discontinuous paths has measure zero.

We begin with some technical issues. We recall that the statement that a
measure 4 is regular means that for any Borel set A

w(A) =inf{u(G): ACG, G open }
and for any open set U
w(U) =sup{p(K): K C U, K compact}.

This second condition has the following consequence: Suppose that I' is any
collection of open sets which is closed under finite union. If

o=Ja

Gerl

then
1(O) = sup u(G)
Gerl

since any compact subset of O is covered by finitely many sets belonging to I'.
The importance of this stems from the fact that we can allow I'" to consist of
uncountably many open sets, and we will need to impose uncountably many
conditions in singling out the space of continuous paths, for example. Indeed,
our first task will be to show that the measure pr, is concentrated on the space
of continuous paths in R™ which do not go to infinity too fast.

We begin with the following computation in one dimension:

1\ Y2 2 /ot 2\ [* g 2 /ot
=2 (— —w <= Lo -
pro({|w(t)] > r}) =2 <27rt) /T e dzx < (ﬂt) /T € dz

1/2 oo /2 —r2/2t
2 t
(2) Ff pre=(3)
mt ), t T r
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For fixed r this tends to zero (very fast) as ¢ — 0. In n-dimensions ||y| > €
(in the Euclidean norm) implies that at least one of its coordinates y; satisfies
ly:| > €/+/n so we find that

prw({‘w(t) - $| > 6}) < 06—62/27“5

for a suitable constant depending only on n. In particular, if we let p(e, d) denote
the supremum of the above probability over all 0 < ¢t < § then

p(€,6) = o(9). (7.7)
Lemma 7.1.1 Let 0 <t <--- <t,, witht,, —t; <. Let

A=A{w] |w(t;) —w(t1)| >€ for somej=1,...m}.

Then )

independently of the number m of steps.

Proof. Let L
B = {w] |w(t1) —w(tm)| > 56}

let )
Ci = (ol lo(tr) — wltm)] > 5}

and let

D; = {w| |w(t1) —w(t;)] > € and |w(t1) —w(ty)| <ek=1,...i—1}.

If w € A, then w € D; for some i by the definition of A, by taking i to be the
first j that works in the definition of A. If w ¢ B and w € D; then w € C;
since it has to move a distance of at least %e to get back from outside the ball
of radius € to inside the ball of radius %e. So we have

m
AcBulJCinDy)
i=1
and hence
m
pr,(A) < pro(B) + Y pr,(Ci N Dy). (7.9)
i=1
Now we can estimate pr, (C;ND;) as follows. For w to belong to this intersection,
we must have w € D; and then the path moves a distance at least § in time

tn, —t; and these two events are independent, so pr,(C; N D;) < p(5,0) pr,(D;).
Here is this argument in more detail: Let

F=14.2) ly-s>1e}
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so that
]‘Ci = ¢F7ti,tn'

Similarly, let G be the indicator function of the subset of R x R™ x --- x R"
(i copies) consisting of all points with

oy — 21| <€, k=1,...,i—1, |z —x;| > ¢

so that
1Di = ¢G,t1,‘.,,tj'

Then
pr,(CiN D;) =

/~-~/p(337331;t1)"'P(%—hfci;ti—tiq)F(m,---7331‘)G(3?i,xn)P($i7$n;tn—ti)dw1"'dl‘n-
The last integral (with respect to x,,) is < p(3¢,8). Thus
€
pro(Ci N Di) < p(35,0) pry, (D).

The D; are disjoint by definition, so

So ) )
pr,(A) <pr,(B) + 0(56, §) < 20(56, 5).
QED
Let

E : {w||lw(t;) —w(t;)| > 2¢ for some 1 < j <k < m}.

Then E C A since if |w(tj) — w(ty)| > 2€ then either |w(ti) — w(t;)| > € or
|w(t1) — w(tr)] > € (or both). So

pr.(F) < 2[)(%6,5). (7.10)

Lemma 7.1.2 Let 0<a < b withb—a <9§. Let
E(a,b,€) :={w]| |w(s) —w(t)| > 2¢ for some s,t € [a,b]}.

Then )
pI‘x(E(CL, be)) < 2p(§€7 5)

Proof. Here is where we are going to use the regularity of the measure. Let
S denote a finite subset of [a,b] and and let

E(a,b,¢,5) = {w| |w(s) — w(t)| > 2¢ for some s,t € S}.
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Then E(a, b, €, S) is an open set and pr,(E(a, b, €, S)) < 2p(3¢,6) for any S. The
union over all S of the E(a,b,¢,5) is E(a,b,€). The regularity of the measure
now implies the lemma. QED

Let £ and n be integers, and set

6= l
n
Let
F(k,e,0) :={w| |w(t) — w(s)| > 4e for some t,s € [0, k], with |t — s| < d}.

Then we claim that

1
les
mﬂm@m<%mfx (7.11)
Indeed, [0, k] is the union of the nk = k/é subintervals [0, ¢], [6, 24], ..., [k — 4, d].

If w e F(k,e,6) then |w(s) — w(t)| > 4e for some s and ¢ which lie in either
the same or in adjacent subintervals. So w must lie in E(a, b, ¢) for one of these
subintervals, and there are kn of them. QED

Let w € Q be a continuous path in R™. Restricted to any interval [0, k]
it is uniformly continuous. This means that for any ¢ > 0 it belongs to the
complement of the set F'(k, e, d) for some 6. We can let € = 1/p for some integer
p. Let C denote the set of continuous paths from [0, 00) to R™. Then

c=NNUFkeo)e
k € 9
so the complement C€¢ of the set of continuous paths is

UUNF ke 0),
k € §

a countable union of sets of measure zero since
1
F(k,e,0) | < lim2kp(=¢€,6)/6 = 0.
pr, (f} (k, e, )) < lim 2kp(¢€, 0)/

We have thus proved a famous theorem of Wiener:

Theorem 7.1.1 [Wiener.]| The measure pr, is concentrated on the space of
continuous paths, i.e. pr (C) = 1. In particular, there is a probability measure
on the space of continuous paths starting at the origin which assigns probability

pro(E) =
/ / p(oaxl;tl)p(xlaxQ;tQ*tl)"'p(xm—laxmvtm*tm—l)dxl~~~dxm
Eq En

to the set of all paths w which start at 0 and pass through the set Eq at time tq,
the set Fs at time to etc. and we have denoted this set of paths by E.
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7.1.4 Embedding in S'.
For convenience in notation let me now specialize to the case n = 1. Let

wcc

consist of those paths w with w(0) =0 and
/ (1+ 1) 2w(t)dt < .
0

Proposition 7.1.1 [Stroock] The Wiener measure pr, is concentrated on W.

Indeed, we let E(Jw(t)]) denote the expectation of the function |w(t)| of w with
respect to Wiener measure, so

1 1 e
E(|W(t)|) = \/?ﬂ-t A |$|8_£2/2tdl‘ = ﬁ . tA %€_z2/tdl' = Ctl/z.

Thus, by Fubini,
E (/000(1 + t)_2|w(t)|dt> = /000(1 + ) 2E(Jw(t)]) < oo.

Hence the set of w with fooo(1+t)_2|w(t)|dt = oo must have measure zero. QED
Now each element of W defines a tempered distribution, i.e. an element of
S’ according to the rule

@)= [ wis( (7.12)
0
We claim that this map from W to &’ is measurable and hence
the Wiener measure pushes forward to give a measure on S'.

To see this, let us first put a different topology (of uniform convergence) on
W. In other words, for each w € W let U(w) consist of all w; such that

sup |wy (t) —w(t)| <,
>0

and take these to form a basis for a topology on W. Since we put the weak
topology on &’ it is clear that the map (7.12) is continuous relative to this new
topology. So it will be sufficient to show that each set Uc(w) is of the form
ANW where A is in B(Q2), the Borel field associated to the (product) topology
on .

So first consider the subsets V;, (w) of W consisting of all w; € W such that

1
sup |wi () —w(t)] <e— —.
t>0 n
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Clearly

a countable union, so it is enough to show that each V,, ((w) is of the form
A, N W where A,, € B(X). Now by the definition of the topology on €, if r is
any real number, the set

1
Ap = Awr] |wi(r) —w(r)] <e-— -

is closed. So if we let r range over the non-negative rational numbers Q. , then

An = ﬂ An,r

reQ4

belongs to B(£2). But if wy is continuous, then if wy € A, then sup,ep, |wi(t) —
w(t) <e—2L andso
Ay NW =V, (w)

as was to be proved.

7.2 Stochastic processes and generalized stochas-
tic processes.

In the standard probability literature a stochastic process is defined as follows:
one is given an index set T and for each ¢t € T one has a random variable X (¢).
More precisely, one has some probability triple (2, F, P) and for each t € T a
real valued measurable function on (2, F). So a stochastic process X is just
a collection X = {X(t),¢t € T} of random variables. Usually T' = Z or Z; in
which case we call X a discrete time random process or 7' =R or R} in
which case we call X a continuous time random process. Thus the word
process means that we are thinking of T as representing the set of all times.

A realization of X, that is the set X (¢)(w) for some w € € is called a sample
path. If T is one of the above choices, then X is said to have independent
increments if for all {5 < t; <ty < --- < t,, the random variables

X(t1) — X(to), X(t1) = X(t1),..., X(tn) = X(tn—1)

are independent.

For example, consider Wiener measure, and let X (¢)(w) = w(t) (say for n =
1). This is a continuous time stochastic process with independent increments
which is known as (one dimensional) Brownian motion. The idea (due to
Einstein) is that one has a small (visible) particle which, in any interval of time
is subject to many random bombardments in either direction by small invisible
particles (say molecules) so that the central limit theorem applies to tell us
that the change in the position of the particle is Gaussian with mean zero and
variance equal to the length of the interval.
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Suppose that X is a continuous time random variable with the property that
for almost all w, the sample path X (t)(w) is continuous. Let ¢ be a continuous
function of compact support. Then the Riemann approximating sums to the
integral

/ X(t)(w)o(t)dt
T

will converge for almost all w and hence we get a random variable

(X, 9)

where

(X, 6)(w) = /T X(t)(w)d(t)dt,

the right hand side being defined (almost everywhere) as the limit of the Rie-
mann approximating sums.

The same will be true if ¢ vanishes rapidly at infinity and the sample paths
satisfy (a.e.) a slow growth condition such as given by Proposition 7.1.1 in
addition to being continuous a.e.

The notation (X, ¢) is justified since (X, ¢) clearly depends linearly on ¢.

But now we can make the following definition due to Gelfand. We may
restrict ¢ further by requiring that ¢ belong to D or §. We then consider a rule
Z which assigns to each such ¢ a random variable which we might denote by Z(¢)
or (Z,¢) and which depends linearly on ¢ and satisfies appropriate continuity
conditions. Such an object is called a generalized random process. The
idea is that (just as in the case of generalized functions) we may not be able to
evaluated Z(t) at a given time ¢, but may be able to evaluate a “smeared out
version” Z(¢).

The purpose of the next few sections is to do the following computation: We
wish to show that for the case Brownian motion, (X, ¢) is a Gaussian random
variable with mean zero and with variance

/000 /OOO min(s, t)¢(s)p(t)dsdt.

First we need some results about Gaussian random variables.

7.3 (Gaussian measures.

7.3.1 Generalities about expectation and variance.

Let V be a vector space (say over the reals and finite dimensional). Let X be
a V-valued random variable. That is, we have some measure space (M, F, u)
(which will be fixed and hidden in this section) where u is a probability measure
on M, and X : M — V is a measurable function. If X is integrable, then

E(X):= /M Xdp
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is called the expectation of X and is an element of V.
The function X ® X is a V ® V valued function, and if it is integrable, then

Var(X) =FE(X®X)-EX)®EX)=FE(X - E(X))® (X — E(X))

is called the variance of X and is an element of V' ® V. It is by its definition
a symmetric tensor, and so can be thought of as a quadratic form on V*.
If A:V — W is a linear map, then AX is a W valued random variable, and

E(AX)=AE(X), Var(4X)=(A® A) Var(X) (7.13)
assuming that F(X) and Var(X) exist. We can also write this last equation as
Var(AX)(n) = Var(X)(4*n), neW* (7.14)

if we think of the variance as quadratic function on the dual space.
The function on V* given by

E— B(e)

is called the characteristic function associated to X and is denoted by ¢x.
Here we have used the notation £-v to denote the valueof € € V¥ onv € V. Itisa
version of the Fourier transform (with the conventions used by the probabilists).
More precisely, let X, denote the push forward of the measure p by the map
X, so that X, u is a probability measure on V. Then ¢x is the Fourier transform
of this measure except that there are no powers of 27 in front of the integral
and a plus rather than a minus sign is before the i in the exponent. These are
the conventions of the probabilists. What is important for us is the fact that
the Fourier transform determines the measure, i.e. ¢x determines X,u. The
probabilists would say that the law of the random variable (meaning X, u) is
determined by its characteristic function.

To get a feeling for (7.14) consider the case where A = ¢ is a linear map
from V to R. Then Var(X)(§) = Var(¢ - X) is the usual variance of the scalar
valued random variable £ - X. Thus we see that Var(X)(¢) > 0, so Var(X) is
non-negative definite symmetric bilinear form on V*. The variance of a scalar
valued random variable vanishes if and only if it is a constant. Thus Var(X) is
positive definite unless X is concentrated on hyperplane.

Suppose that A : V' — W is an isomorphism, and that X, u is absolutely
continuous with respect to Lebesgue measure, so

X = pdv

where p is some function on V' (called the probability density of X). Then
(AX).p is absolutely continuous with respect to Lebesgue measure on W and
its density o is given by

o(w) = p(A™ w)|det A|7? (7.15)

as follows from the change of variables formula for multiple integrals.
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7.3.2 (Gaussian measures and their variances.

Let d be a positive integer. We say that N is a unit (d-dimensional) Gaussian
random variable if N is a random variable with values in R? with density

(2m) 2=t H2d)/2,
It is clear that E(N) = 0 and, since
(27T)—d/2/xixje—(zf...-i-wi)/de _ 5”_’

that
Var(N) =Y 6; @ 6; (7.16)

where d1,...,8q is the standard basis of R%. We will sometimes denote this
tensor by I;. In general we have the identification V ® V' with Hom(V* V), so
we can think of the Var(X) as an element of Hom(V*,V) if X is a V-valued
random variable. If we identify R? with its dual space using the standard basis,
then Iy can be thought of as the identity matrix.

We can compute the characteristic function of N by reducing the computa-
tion to a product of one dimensional integrals yielding

On(tr, ... tg) = e (T T2, (7.17)

A V-valued random variable X is called Gaussian if (it is equal in law to a
random variable of the form)
AN +a

where

AR =V

is a linear map, where a € V, and where N is a unit Gaussian random variable.
Clearly
E(X)=a,

Var(X) = (A® A)(1y)

or, put another way,

Var(X)(£) = la(A"¢)

and hence

ox (&) = ¢N(A*g)ei€-a — o 31a(A%E) ik

or
¢X(§) — e—Var(X)(&)/2+i§~E(X). (718)
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It is a bit of a nuisance to carry along the E(X) in all the computations, so we
shall restrict ourselves to centered Gaussian random variables meaning that
E(X) =0. Thus for a centered Gaussian random variable we have

d)X(g) — 67Var(X)(£)/2. (719)

Conversely, suppose that X is a V' valued random variable whose characteristic
function is of the form

Ox(§) = e O,

where @ is a quadratic form. Since |¢x ()] < 1 we see that @ must be non-
negative definite. Suppose that we have chosen a basis of V' so that V is identified
with R? where ¢ = dim V. By the principal axis theorem we can always find
an orthogonal transformation (¢;;) which brings @ to diagonal form. In other

words, if we set
=Y cii
i

then

Q&) = A}
J
The A; are all non-negative since ) is non-negative definite. So if we set
az-j = )\jécij, and A = (aij)

we find that Q(&) = I,(A*¢). Hence X has the same characteristic function as
a Gaussian random variable hence must be Gaussian.
As a corollary to this argument we see that

A random variable X is centered Gaussian if and only if - X is a real valued
Gaussian random variable with mean zero for each & € V*.

7.3.3 The variance of a Gaussian with density.

In our definition of a centered Gaussian random variable we were careful not
to demand that the map A be an isomorphism. For example, if A were the
zero map then we would end up with the ¢ function (at the origin for centered
Gaussians) which (for reasons of passing to the limit) we want to consider as a
Gaussian random variable.

But suppose that A is an isomorphism. Then by (7.15), X will have a density
which is proportional to

e Sv)/2
where S is the quadratic form on V given by
S(v) = Jg(A )
and Jy is the unit quadratic form on R%:

Jalw) = a3+
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or, in terms of the basis {87} of the dual space to R,
Ja=Y 6 @5,
i

Here J; € (RY)* ® (RY)* = Hom(R%, (R%)*). It is the inverse of the map ;.
We can regard S as belonging to Hom(V, V*) while we also regard Var(X) =
(A® A) oI; as an element of Hom(V*, V). I claim that Var(X) and S are
inverses to one another. Indeed, dropping the subscript d which is fixed in this
computation, Var(X)(§,n) = I(A*¢, A*n) = n- (Aol o A*)¢ when thought of as
a bilinear form on V* ® V* and hence

Var(X) =AoloA*

when thought of as an element of Hom(V*, V). Similarly thinking of S as a
bilinear form on V we have S(v,w) = J(A~ v, A= w) = J(A~ ) - A= w so

S=A"oJoA!

when S is thought of as an element of Hom(V, V*). Since I and J are inverses
of one another, the two above displayed expressions for S and Var(X) show that
these are inverses on one another.

This has the following very important computational consequence:

Suppose we are given a random variable X with (whose law has) a density
proportional to e =5(")/2 where S is a quadratic form which is given as a “matrix”
S = (S,;) in terms of a basis of V*. Then Var(X) is given by S™! in terms of
the dual basis of V.

7.3.4 The variance of Brownian motion.

For example, consider the two dimensional vector space with coordinates (x1, 23)
and probability density proportional to

1 2 _ 2
exp 1 <%+(wz$1>>
s t—s

where 0 < s < t. This corresponds to the matrix

t 1
s(t—s)  t—s | _ 1 é -1
_ﬁ tis t—s\—1 1

whose inverse is

which thus gives the variance.
So, if we let
B(s,t) := min(s, t) (7.20)
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we can write the above variance as

(B B,

Now suppose that we have picked some finite set of times 0 < 51 < -+ < s,
and we consider the corresponding Gaussian measure given by our formula for
Brownian motion on a one-dimensional space for a path starting at the origin
and passing successively through the points x; at time s1, zo at time so etc.
We can compute the variance of this Gaussian to be

(B(si,55))

since the projection onto any coordinate plane (i.e. restricting to two values s;
and s;) must have the variance given above.

Let ¢ € S. We can think of ¢ as a (continuous) linear function on &’
For convenience let us consider the real spaces S and S8’, so ¢ is a real valued
linear function on &’. Applied to Stroock’s version of Brownian motion which
is a probability measure living on &’ we see that ¢ gives a real valued random
variable. Recall that this was given by integrating ¢ -w where w is a continuous
path of slow growth, and then integrating over Wiener measure on paths.

This is the limit of the Gaussian random variables given by the Riemann
approximating sums

%((b(sl)xl + ¢(Sn2)xn2)

where s, = k/n, k=1,...,n2% and (x1,...,2,2) is an n? dimensional centered
Gaussian random variable whose variance is (min(s;, s;)). Hence this Riemann
approximating sum is a one dimensional centered Gaussian random variable
whose variance is 1
EE min(s;, s;)p(si)P(s;)-
0,J

Passing to the limit we see that integrating ¢ - w defines a real valued centered
Gaussian random variable whose variance is

/OOO /ODO min(s,t)¢(5)¢(t)dsdt:2/ooo /Ogsgt s (s)¢(t)dsdt, (7.21)

as claimed .

Let us say that a probability measure p on S’ is a centered generalized
Gaussian process if every ¢ € S, thought of as a function on the probability
space (8’, u) is a real valued centered Gaussian random variable; in other words
¢« (1) is a centered Gaussian probability measure on the real line. If we denote
this process by Z, then we may write Z(¢) for the random variable given by
¢. We clearly have Z(a¢ + b)) = aZ(¢p) + bZ(¢)) in the sense of addition of
random variables, and so we may think of Z as a rule which assigns, in a linear
fashion, random variables to elements of S. With some slight modification
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(we, following Stroock, are using S instead of D as our space of test functions)
this notion was introduced by Gelfand some fifty years ago. (See Gelfand and
Vilenkin, Generalized Functions volume IV.)

If we have generalized random process Z as above, we can consider its deriva-
tive in the sense of generalized functions, i.e.

2(¢) := Z(~9).

7.4 The derivative of Brownian motion is white
noise.

To see how this derivative works, let us consider what happens for Brownian
motion. Let w be a continuous path of slow growth, and set

wnlt) 1= 3 ((t + ) — (b))

The paths w are not differentiable (with probability one) so this limit does not
exist as a function. But the limit does exist as a generalized function, assigning
the value

/ T dw(t)dt
0

to ¢. Now if s < t the random variables w(t + h) — w(t) and w(s + h) —
w(s) are independent of one another when h < t — s since Brownian motion
has independent increments. Hence we expect that this limiting process be
independent at all points in some generalized sense. (No actual, as opposed to
generalized, process can have this property. We will see more of this point in a
moment when we compute the variance of Z.)

In any event, Z(¢) is a centered Gaussian random variable whose variance
is given (according to (7.21)) by

2 /0 h ( /O t sqﬁ(s)ds) H(t)dt.

We can integrate the inner integral by parts to obtain

[ sétsras =t - [ otonas.

Integration by parts now yields

oo . 1 o0 9
| ewitar=—5 [ oy

_/OOo (/Ot ¢>(s)ds) (t)dt = /OOO S(1)%dt.

and
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We conclude that the variance of Z (¢) is given by

/ODo o(t)dt

/Ooc /Om 5(s — £)6(s)o()dsdt.

which we can write as

Notice that now the “covariance function” is the generalized function §(s — t).
The generalized process (extended to the whole line) with this covariance is
called white noise because it is a Gaussian process which is stationary under
translations in time and its covariance “function” is d(s—t), signifying indepen-
dent variation at all times, and the Fourier transform of the delta function is a
constant, i.e. assigns equal weight to all frequencies.
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Chapter 8

Haar measure.

A topological group is a group G which is also a topological space such that
the maps

GxG—G, (z,y)r—ay

and

G—G, zw—a!

are continuous. If the topology on G is locally compact and Hausdorff, we say
that G is a locally compact, Hausdorff, topological group.
If a € GG is fixed, then the map ¢,

by :G— G, {ly(x)=ax
is the composite of the multiplication map G x G — G and the continuous map

G—GxG, z+ (a,z).
So ¢, is continuous, one to one, and with inverse /,-:. If p is a measure G,
then we can push it forward by ¢,, that is, consider the pushed forward measure
(£q)«pr. We say that the measure p is left invariant if

(lo)sp=p YaceG.

The basic theorem on the subject, proved by Haar in 1933 is
Theorem 8.0.1 If G is a locally compact Hausdorff topological group there ex-
ists a non-zero reqular Borel measure p which is left invariant. Any other such

measure differs from p by multiplication by a positive constant.

This chapter is devoted to the proof of this theorem and some examples and
consequences.

205
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8.1 Examples.
8.1.1 R".

R" is a group under addition, and Lebesgue measure is clearly left invariant.
Similarly T™.

8.1.2 Discrete groups.

If G has the discrete topology then the counting measure which assigns the value
one to every one element set {2} is Haar measure.

8.1.3 Lie groups.

We can reformulate the condition of left invariance as follows: Let I denote the
integral associated to the measure u:

1) = [ fn.
Then
/ fd(ta)op = I(CS)

where
(4af)(x) = f(ax). (8.1)
Indeed, this is most easily checked on indicator functions of sets, where
(la)*1a = 1-1y
and
[ tad(la)ogs = (@) () = plt74) = [ 1,240
So the left invariance condition is

16 f)=1(f) Yaed. (8.2)

Suppose that G is a differentiable manifold and that the multiplication map
G x G — G and the inverse map x — x~ ! are differentiable.

Now if G is n-dimensional, and we could find an n-form 2 which does not
vanish anywhere, and such that

Q=0

(in the sense of pull-back on forms) then we can choose an orientation relative
to which 2 becomes identified with a density, and then

1(f) = /G f9
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is the desired integral. Indeed,

(L)) = / ((ta)* )2

Jwrun)

[
I(f)

We shall replace the problem of finding a left invariant n-form Q by the ap-
parently harder looking problem of finding n left invariant one-forms w1, ...,w,
on G and then setting

Qi=wi A Awp.

The general theory of Lie groups says that such one forms (the Maurer-Cartan
forms) always exist, but I want to sow how to compute them in important
special cases.

Suppose that we can find a homomorphism

M: G — GI(d)

where Gi(d) is the group of d x d invertible matrices (either real or complex).
So M is a matrix valued function on G satisfying

M(e) =1id
where e is the identity element of G and id is the identity matrix, and
M (zy) = M(x)M(y)

where multiplication on the left is group multiplication and multiplication on the
right is matrix multiplication. We can think of M as a matrix valued function
or as a matrix M(x) = (M;;(x)) of real (or complex) valued functions. Suppose
that all of these functions are differentiable. Then we can form

dM = (dM”)

which is a matrix of linear differential forms on G, or, equivalently, a matrix
valued linear differential form on G.
Finally, consider
M~taM.

Again, this is a matrix valued linear differential form on G (or what is the same
thing a matrix of linear differential forms on G). Explicitly it is the matrix
whose ik entry is

D (M ()™ )i d M.

J
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I claim that every entry of this matrix is a left invariant linear differential form.
Indeed,
(laM)(x) = M(ax) = M(a)M(z).

Let us write
A= M(a).

Since a is fixed, A is a constant matrix, and so
(GM) P =(AM)t=MmtAT!

while
dM = d(AM) = AdM

since A is a constant. So
(M YdM) = (MYATAdM) = M~tdM.

Of course, if the size of M is too small, there might not be enough linearly
independent entries. (In the complex case we want to be able to choose the
real and imaginary parts of these entries to be linearly independent.) But if,
for example, the map =z — M(z) is an immersion, then there will be enough
linearly independent entries to go around.

For example, consider the group of all two by two real matrices of the form

(8 l{), a #0.

¢

‘ax + b group” since

(:1)(D)-(")

In other words, G is the group of all translations and rescalings (and re-orientations)

of the real line.
a b -t _ a”l —a71b
0 1 - 0 1

This group is sometimes known as the

‘We have

and

0 )
a b\ al @ v a~'da a"'db
01 o1, 0 0

and the Haar measure is (proportional to)

dadb
2

(8.3)

a
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As a second example, consider the group SU(2) of all unitary two by two
matrices with determinant one. Each column of a unitary matrix is a unit
vector, and the columns are orthogonal. We can write the first column of the

mati ix as
( )

where o and 3 are complex numbers with
o +1* = 1. (8.4)
The second column must then be proportional to
-8
@
and the condition that the determinant be one fixes this constant of proportion-
ality to be one. So we can write

v=(5 )

where (8.4) is satisfied. So we can think of M as a complex matrix valued
function on the group SU(2). Since M is unitary, M ! = M* so

_ a pf
M 12(—5 a)
and

MM = < @ B > ( da —dp ) _ < ada+ BB —adp + fda )
7 a)\dF da _Bda+adB  ada -+ Bdp

Each of the real and imaginary parts of the entries is a left invariant one form.
But let us multiply three of these entries directly:

(@da + BdB) A (—adf + Bda) A (—Bda + adf3)
= —(la* + |8[*)da A dB A (—Bda + adp)
—da AN dB A (—Bda + adp).
We can simplify this expression by differentiating the equation
aa+pBB=1

to get o
ada + ada + BdS + Bdj3 = 0.

So for 3 # 0 we can solve for dj3:

g = —%(adaJrada + BdB).
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When we multiply by da A df the terms involving da and df disappear. We
thus get

—da A dB A (—Bda + a@dB) = da A dB A (Bda + %ada).
If we write _
Bda = %da

and use |a|? + |B]? = 1 the above expression simplifies further to
1
Eda/\dﬁ/\d& (8.5)

as a left invariant three form on SU(2). You might think that this three form
is complex valued, but we shall now give an alternative expression for it which
will show that it is in fact real valued.

For this introduce polar coordinates in four dimensions as follows: Write

w+ 1z
r4iy sox?+y P+ 22 +wi=1,
cosf

= sinf cosy

sin @ sin v cos ¢

< 8 n & @ Q
I

= sinfsinysing

0<0<m 0<¢<m 0<¢<2rm.

Then
da A da = (dw + idz) A (dw — idz) = —2idw A dz
= —2id(cos ) A d(sin 6 - costp) = —2isin’ 0d6 A dy).
Now ‘
[ = sin 0 sin Ye'®
S0

df = iBdg + - - -
where the missing terms involve df and di and so will disappear when multiplied
by da A da. Hence

do AdB A dae = —23sin? §sindf A dip A dép.
Finally, we see that the three form (8.5) when expressed in polar coordinates is
—2sin? @sindf A dip A dep.

Of course we can multiply this by any constant. If we normalize so that u(G) = 1
the Haar measure is

1
53 sin? 0 sin Y dOdipd.
7
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8.2 Topological facts.

Since £, is a homeomorphism, if V' is a neighborhood of the identity element e,

then aV is a neighborhood of a, and if U is a neighborhood of U then a~'U is

a neighborhood of e. Here we are using the obvious notation aV' = £,(V) etc.
Suppose that U is a neighborhood of e. Then so is

Ut={a7': z€U}
and hence so is
W=UnU"".
But
Wt =w.

Proposition 8.2.1 Fvery neighborhood of e contains a symmetric neighbor-
hood, i.e. one that satisfies W1 = W.

Let U be a neighborhood of e. The inverse image of U under the multiplication
map G x G — G is a neighborhood of (e,e) in G x G and hence contains an
open set of the form V' x V. Hence

Proposition 8.2.2 FEvery neighborhood U of e contains a neighborhood V' of e
such that V2=V .V C U.

Here we are using the notation
A-B={ay: z€ A, ye B}

where A and B are subsets of G.
If A and B are compact, so is A X B as a subset of G x G, and since the
image of a compact set under a continuous map is compact, we have

Proposition 8.2.3 If A and B are compact, so is A - B.

Proposition 8.2.4 If A C G then A, the closure of A, is given by
A=AV
\%4
where V' ranges over all neighborhoods of e.

Proof. If a € A and V is a neighborhood of e, then aV ! is an open set
containing a, and hence containing a point of A. So a € AV, and the left hand
side of the equation in the proposition is contained in the right hand side. To
show the reverse inclusion, suppose that = belongs to the right hand side. Then
2V~ intersects A for every V. But the sets 2V ~! range over all neighborhoods
of . So x € A. QED

Recall that (following Loomis as we are) L denotes the space of continuous
functions of compact support on G.
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Proposition 8.2.5 Suppose that G is locally compact. If f € L then f is uni-
formly left (and right) continuous. That is, given € > 0 there is a neighborhood
V' of e such that

seV = |f(sz) — f(x)] <e.

Equivalently, this says that

zyTt eV = |f(@) - fly)l <e

Proof. Let
C := Supp(f)

and let U be a symmetric compact neighborhood of e. Consider the set Z of
points s such that
|f(sz) — f(z) <e VaoeUC.

I claim that this contains an open neighborhood W of e. Indeed, for each fixed
y € UC the set of s satisfying this condition at y is an open neighborhood
W, of e, and this W, works in some neighborhood O, of 3. Since UC is com-
pact, finitely many of these O, cover UC, and hence the intersection of the
corresponding W, form an open neighborhood W of e. Now take

V=UnW.

If s € Vand ¢ € UC then |f(sz) — f(z)] < e. If z ¢ UC, then sz ¢ C
(since we chose U to be symmetric) and = € C, so f(sx) =0 and f(z) =0, so
[F(s2) — f(z)| = 0 < e QED

In the construction of the Haar integral, we will need this proposition. So it
is exactly at this point where the assumption that G is locally compact comes
in.

8.3 Construction of the Haar integral.

Let f and g be non-zero elements of Lt and let my and my be their respective
maxima. At each

x € Supp(f),
we have
f
< L
fz) < Mg My
so if
m
c > —f
My

and s is chosen so that g achieves its maximum at sx, then

fy) < cg(sz)
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in a neighborhood of . Since Supp(f) is compact, we can cover it by finitely
many such neighborhoods, so that there exist finitely many ¢; and s; such that

flz) < Zcig(six) Y ox. (8.6)

If we choose x so that f(x) = my, then the right hand side is at most ), ¢;myq
and thus we see that

Zci >my/mg > 0.
i

So let us define the “size of f relative to g” by

(f;9):= g.l.b.{z ¢; + Js; such that (8.6) holds}. (8.7)

We have verified that m
(fi9) > mf (8.8)

It is clear that

(afs9) = (fi9) Vae@ (8.9)
(fi+f9) < (f1,9) + (f259) (8.10)
(cf;9) = clfig) Ye>0 (8.11)
fi<f = (fizg) <(f29). (8.12)

If f(z) <) cig(sizx) for all z and g(y) < > d;h(t;y) for all y then
flz) < Zcidjh(tjsix) V.
j
Taking greatest lower bounds gives
(fsh) < (f;9)(g: h). (8.13)

To normalize our integral, fix some

f0€L+7 fo?éo

Define
(f;9)

L= Ty

Since, according to (8.13) we have

(fo;9) < (fo; £)(f59),

we see that
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Since (8.13) says that (f;9) < (f; fo)(fo; 9) we see that

I,(f) < (f; fo)-

So for each non-zero f € L™ let S§ denote the closed interval

Sy = {(ﬁ)l;ﬁ,(f;fo)} ;

and let

S = H Sf.

fELT,f#0

This space is compact by Tychonoff. Each non-zero g € L" determines a point
I, € S whose coordinate in Sy is I,(f).

For any neighborhood V of e, let Cy denote the closure in S of the set
I;,g € V. We have

CV1 N---N CVn = CvlmmﬂVn 7& 0.

The Cy are all compact, and so there is a point I in the intersection of all the
Cvi
IeC:= m Cv.
1%

The idea is that I somehow is the limit of the I, as we restrict the support of
g to lie in smaller and smaller neighborhoods of the identity. We shall prove
that as we make these neighborhoods smaller and smaller, the I, are closer and
closer to being additive, and so their limit I satisfies the conditions for being
an invariant integral. Here are the details:

Lemma 8.3.1 Given f1 and fy in LT and € > 0 there exists a neighborhood V
of e such that

Iy(f1) + 1(f2) < Iy(f1+ f2) + €
for all g with Supp(g) C V.

Proof. Choose ¢ € L such that ¢ =1 on Supp(f1 + f2). For a given § > 0 to
be chosen later, let

[ A A T L RS
f !
Here hy and hy were defined on Supp(f) and vanish outside Supp(fi + f2), so
extend them to be zero outside Supp(¢). For an > 0 and § > 0 to be chosen
later, find a neighborhood V = Vj,, so that

|hi(x) = hi(y)| <m and |ha(z) — ha(y)| <n

when £~ !y € V which is possible by Prop. 8.2.5 if G is locally compact.



8.3. CONSTRUCTION OF THE HAAR INTEGRAL. 215

Let g be a non-zero element of L™ with Supp(g) C V. If

Fx) < eig(sja)
then g(s;x) # 0 implies that
[hi(x) — hi(sj_l)| <n, 1=1,2
fi@) = f@)hi(x) <D eig(sim)hi(e) < esg(sia)[ha(sy) +n), 0= 1,2,

This implies that
(Fir9) < S eslhalsy ™)+

J
and since 0 < h; < 1 by definition,

(f1:9) + (f2:9) < Y e5[1+ 2n).

We can choose the ¢; and s; so that ) ¢; is as close as we like to (f;g). Hence
(f1:9) + (f239) < (f;9)[1 + 2n].

Dividing by (fo;g) gives
Io(f1) + Ig(f2) < Lo (F)[1 + 21

< Ug(fr + f2) + 0L, ()][L + 21,

where, in going from the second to the third inequality we have used the defi-
nition of f, (8.10) applied to (f1 + f2) and d¢ and (8.11). Now

Ig(fr+ f2) < (fr + f2; o)
and I,(¢) < (¢, fo). So choose § and 7 so that

20(f1 + fa; fo) +0(1 + 2n)(; fo) < e.

This completes the proof of the lemma.
For any finite number of f; € L™ and any neighborhood V of the identity,
there is a non-zero g with Supp(g) € V and

I(fi) = I(fi) <e i=1,...,n.

Applying this to f1, fo and f3 = f1 + fo and the V supplied by the lemma, we
get

I(fi + f2) —e < Iy(f1 + f2) S 1g(f1) + Ig(f2) < I(f1) + I(f2) + 2¢
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and

I(f1) + I(f2) < I,(f1) + Ig(f2) + 2e < Iy(f1 + f2) + 3 < I(f1 + f2) + 4e.

In short, I satisfies

I(fi + f2) = I(fr) + 1(f2)

for all fi, fo in LT, is left invariant, and I(cf) = cI(f) for ¢ > 0. As usual,
extend I to all of L by

I(fi = f2) = I(fr) — I(f2)

and this is well defined.
Since for f € L™ we have

I(f) < (fi fo) <myp/myp, = || flloo /Mg,

we see that I is bounded in the sup norm. So it is an integral (by Dini’s lemma).
Hence, by the Riesz representation theorem, if G is Hausdorff, we get a regular
left invariant Borel measure. This completes the existence part of the main
theorem.

From the fact that p is regular, and not the zero measure, we conclude that
there is some compact set K with u(K) > 0. Let U be any non-empty open set.
The translates zU, x € K cover K, and since K is compact, a finite number,
say n of them, cover K. But they all have the same measure, u(U) since u is
left invariant. Thus

u(K) < np(U)

implying
w(U) >0 for any non-empty open set U (8.14)

if p is a left invariant regular Borel measure.
If f € LT and f # 0, then f > € > 0 on some non-empty open set U, and
hence its integral is > eu(U). So

feL*,f7é0¢/fdu>0 (8.15)

for any left invariant regular Borel measure p.

8.4 Uniqueness.

Let p and v be two left invariant regular Borel measures on G. Pick some
g € L™, g # 0 so that both [ gdu and [ gdv are positive. We are going to use
Fubini to prove that for any f € L we have

[ fdv [ fdu
Jgdv [ gdp

(8.16)
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This clearly implies that v = cu where

[ gdv
S gdp
To prove (8.16), it is enough to show that the right hand side can be expressed

in terms of any left invariant regular Borel measure (say v) because this implies
that both sides do not depend on the choice of Haar measure. Define

f(@)g(yx)
[ g(tx)dv(t)

The integral in the denominator is positive for all x and by the left uniform
continuity the integral is a continuous function of x. Thus h is continuous
function of compact support in (z,y) so by Fubini,

//hmydu Ydp(z //hxyd,u )du(y).

1

h(z,y) ==

In the inner integral on the right replace by y~ "z using the left invariance of

. The right hand side becomes

/ Wy, y)du(x)dv(y).

Use Fubini again so that this becomes

/h(y‘lx, y)dv(y)du(z).

Now use the left invariance of v to replace y by xy. This last iterated integral
becomes

/ Wy~ 2y)dv(y)du(z).

//hxydy e /h () du(z).

From the definition of & the left hand side is [ f(z)du(z). For the right hand
side

So we have

b o) = 0 o

Integrating this first with respect to dv(y) gives

kg(z)

where k is the constant

/fgty—l i V(y)-
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Now integrate with respect to p. We get [ fdu =k [ gdu so
J fdu
Jgdp’

the right hand side of (8.16), does not depend on p, since it equals k which is
expressed in terms of v. QED

8.5 u(G) < o if and only if G is compact.

Since p is regular, the measure of any compact set is finite, so if G is compact
then p(G) < co. We want to prove the converse. Let U be an open neighborhood
of e with compact closure, K. So p(K) > 0. The fact that p(G) < oo implies
that one can not have m disjoint sets of the form z; K if

(@)

m>m.

Let n be such that we can find n disjoint sets of the form x; K but no n + 1
disjoint sets of this form. This says that for any x € G, xK can not be disjoint

from all the x; K. Thus
G= <UxK> K
which is compact. QED
If G is compact, the Haar measure is usually normalized so that u(G) = 1.

8.6 The group algebra.

If f,g € L define their convolution by

(f*9)(x / Fay)g(u V) du(y), (8.17)

where we have fixed, once and for all, a (left) Haar measure . The left invariance
(under left multiplication by x~!) implies that

(fxg)(z /f gy~ x)du(y). (8.18)

In what follows we will write dy instead of du(y) since we have chosen a fixed
Haar measure p.

If A := Supp(f) and B := Supp(g) then f(y)g(y~'z) is continuous as a
function of y for each fixed x and vanishes unless y € A and y~ 'z € B. Thus
f * g vanishes unless x € AB. Also

1 xglan) — f > glas)| < 165, f - ||oc/|g bdy.
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Since x +— £} f is continuous in the uniform norm, we conclude that

frge L= fxgel

and
Supp(f * g) C (Supp(f)) - (Supp(g))- (8.19)
I claim that we have the associative law: If, f, g, h € L then the claim is that
(f*g)*h=f*(g*h) (8.20)

Indeed, using the left invariance of the Haar measure and Fubini we have

(Frg)*h)(z) = /(f*g)(xy)h(y‘l)dy

//f(wyz)g(z‘l)h(y‘l)dzdy
[ [ @2t bty dedy
[ [ @2t bt gz

/f zz)(g*h)(z7)dz
= (f*(gxh) ().

It is easy to check that * is commutative if and only if G is commutative.

I now want to extend the definition of x to all of L', and here I will follow
Loomis and restrict our definition of L' so that our integrable functions belong
to B, the smallest monotone class containing L. When we were doing the Wiener
integral, we needed all Borel sets. Here it is more convenient to operate with
this smaller class, for technical reasons which will be practically invisible. For
most groups one encounters in real life there is no difference between the Borel
sets and the Baire sets. For example, if the Haar measure is o-finite one can
forget about these considerations.

If f and g are functions on G define the function f e g on G x G by

(f o 9)(@,y) = f(y)g(y ).
Theorem 8.6.1 [31A in Loomis] If f,g € BT then fege BT (G x G) and

1> glly < 1712 llgll (8.21)

or an with 1 < p < oo.
[ yp p

Proof. If f € L* then the set of g € BT such that feg € BT(G x G) is
L-monotone and includes L™, so includes B*. So if g is an L-bounded function
in B, the set of f € B such that f e g € B (G x G) includes LT and is
L-monotone, and so includes B*. So f e g € BT (G x G) whenever f and g are
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L-bounded elements of BT. But the most general element of B* can be written
as the limit of an increasing sequence of L bounded elements of BT, and so the
first assertion in the theorem follows.

As f and g are non-negative, Fubini asserts that the function y — f(y)g(y ')
is integrable for each fixed x, that f x g is integrable as a function of = and that

1% gl = / / F@)g(y a)dzdy = |11 lglh-

This proves (8.21) (with equality) for p = 1. For p = 0o (8.21) is obvious from
the definitions.

For 1 < p < oo we will use Hélder’s inequality and the duality between LP
and L?. We know that the product of two elements of Bt (G x G) is an element
of BY(GxG). Soif f,g,h € BT(G) then the function (z,y) — f(y)g(y~z)h(x)
is an element of BT (G x G), and by Fubini

(reat) = [ 1) [ / g(ylxm(x)dx] dy.

We may apply Holder’s inequality to estimate the inner integral by ||gll,||h]|4-
So for general h € LY we have

[(Fxg, ML < £l llgllp I Rllg-
If | fll1 or ||g|l, are infinite, then (8.21) is trivial. If both are finite, then
hi= (fxg,h)

is a bounded linear functional on L? and so by the isomorphism LP = (L?)* we
conclude that f x g € LP and that (8.21) holds. QED

We define a Banach algebra to be an associative algebra (possibly without
a unit element) which is also a Banach space, and such that

gl < I£11lgll-

So the special case p = 1 of Theorem 8.21 asserts that L!(G) is a Banach
algebra.

8.7 The involution.

8.7.1 The modular function.

Instead of considering the action of G on itself by left multiplication, a — ¢, we
can consider right multiplication, r, where

ry(x) = xb L.

It is one of the basic principles of mathematics, that on account of the associative
law, right and left multiplication commute:

Lyory =1y 04, (8.22)
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Indeed, both sides send = € G to
axb™ L.

If p is a choice of left Haar measure, then it follows from (8.22) that ry.pu is
another choice of Haar measure, and so must be some positive multiple of pu.
The function A on G defined by

ot = A(b)p

is called the modular function of GG. It is immediate that this definition does
not depend on the choice of pu.

Example. In the case that we are dealing with manifolds and integration of
n-forms,

1tn = [ o

then the push-forward of the measure associated to I under a diffeomorphism
¢ assigns to any function f the integral

10 h= [wne=[eweo= [y
So the push forward measure corresponds to the form
(671

Thus in computing A(z) using differential forms, we have to compute the pull-
back under right multiplication by z, not z~!. For example, in the az + b group,

we have
a b x y\_(ar ay+bd
0 1 0 1) 0 1

da A db xda A db
2 —

SO

a x2a?
and hence the modular function is given by

(i 1)-2

In all cases the modular function is continuous (as follows from the uniform
right continuity, Proposition 8.2.5), and from its definition, it follows that

A(st) = A(s)A(1).

In other words, A is a continuous homomorphism from G to the multiplicative
group of positive real numbers.

The group G is called unimodular if A = 1. For example, a commutative
group is obviously unimodular. Also, a compact group is unimodular, because
G has finite measure, and is carried into itself by right multiplication so

A(s)u(G) = (res(0)(G) = u(riH(G)) = w(G).
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8.7.2 Definition of the involution.

For any complex valued continuous function f of compact support define f by

f(z) = fla=HA@™). (8.23)
It follows immediately from the definition that
(H=r

That is, applying ~ twice is the identity transformation. Also,

(ro(/)(x) = flsz= N A~ )A(s)

SO

rof = A(s)(Lf) (8.24)
Similarly,

(rofN(z) = fla=Ts DAz ™) = A(s)s(f)

or

(rof) = A(s)tsf. (8.25)
Suppose that f is real valued, and consider the functional

J(f) = 1(f).

Then from (8.24) and the definition of A we have
J(sf) = AlsTOI(ref) = AlsTHAGI() = I(f) = I (/).

In other words, J is a left invariant integral on real valued functions, and hence
must be some constant multiple of I,

J=cl.

Let V be a symmetric neighborhood of e chosen so small that |1 — A(s)| < €
which is possible for any given € > 0, since A(e) = 1 and A is continuous. If we
take f = 1y then f(z) = f(x~!) and

[J(f) = I(f)] < el(f).

Dividing by I(f) shows that |c —1| < €, and since € is arbitrary, we have proved
that

1(f) = 1(f)- (8.26)

We can derive two immediate consequences:

Proposition 8.7.1 Haar measure is inverse invariant if and only if G is uni-
modular,

and

Proposition 8.7.2 The involution f — f extends to an anti-linear isometry

of L.
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8.7.3 Relation to convolution.

We claim that ~
(fxg) =g*f (8.27)
Proof.

(frg)(x) = / FE e DdyA)

8.7.4 Banach algebras with involutions.

For a general Banach algebra B (over the complex numbers) a map
z— !

is called an involution if it is antilinear and anti-multiplicative, i.e. satisfies

T — Tyt

(zy)' =y'z

and its square is the identity.

Thus the map f +— f is an involution on L!(G).

8.8 The algebra of finite measures.

In general, the algebra L'(G) will not have an identity element, since the only
candidate for the identity element would be the J-“function”

(0, f) = fle),

and this will not be an honest function unless the topology of G is discrete.

So we need to introduce a different algebra if we want to have an algebra with
identity. If G were a Lie group we could consider the algebra of all distributions.
For a general locally compact Hausdorff group we can proceed as follows: Let
M(G) denote the space of all finite complex measures on G: A non-negative
measure v is called finite if ;(G) < co. A real valued measure is called finite
if its positive and negative parts are finite, and a complex valued measure is
called finite if its real and imaginary parts are finite.

Given two finite measures p and v on G we can form the product measure
pw®v on G x G and then push this measure forward under the multiplication
map

m:GxG— G,

and so define their convolution by

wrxvi=m(u@v).



224 CHAPTER 8. HAAR MEASURE.

One checks that the convolution of two regular Borel measures is again a regular
Borel measure, and that on measures which are absolutely continuous with re-
spect to Haar measure, this coincides with the convolution as previously defined.
One can also make the algebra of regular finite Borel measures under convolu-
tion into a Banach algebra (under the “total variation norm”). This algebra
does include the d-function (which is a measure!) and so has an identity. I will
not go into this matter here except to make a number of vague but important
points.

8.8.1 Algebras and coalgebras.

An algebra A is a vector space (over the complex numbers) together with a map
m:ARA— A

which is subject to various conditions (perhaps the associative law, perhaps the
commutative law, perhaps the existence of the identity, etc.). The “dual” object
would be a co-algebra, consisting of a vector space C' and a map

c:C—-0CxC

subjects to a series of conditions dual to those listed above. If A is finite di-
mensional, then we have an identification of (A ® A)* with A* ® A*, and so
the dual space of a finite dimensional algebra is a coalgebra and vice versa. For
infinite dimensional algebras or coalgebras we have to pass to certain topological
completions.

For example, consider the space C,(G) denote the space of continuous bounded
functions on G endowed with the uniform norm

[flloe =Lub.gecflf (@)}

We have a bounded linear map
c: Cb(G) - Cb(G X G)

given by

c(f)(x,y) = flzy).
In the case that G is finite, and endowed with the discrete topology, the space
Cy(G) is just the space of all functions on G, and Cp(G x G) = Cp(G) ®@ Cy(G)
where Cp(G) ® Cy(G) can be identified with the space of all functions on G x G

of the form
(z,y) — Zfz(x)gz(y)

where the sum is finite. In the general case, not every bounded continuous
function on G X G can be written in the above form, but, by Stone-Weierstrass,
the space of such functions is dense in Cp(G X G). So we can say that Cy(G)
is “almost” a co-algebra, or a “co-algebra in the topological sense”, in that the



8.9. INVARIANT AND RELATIVELY INVARIANT MEASURES ON HOMOGENEOUS SPACES.225

map ¢ does not carry C into C' ®@ C but rather into the completion of C' ® C.
If A denotes the dual space of C, then A becomes an (honest) algebra. To
make all this work in the case at hand, we need yet another version of the Riesz
representation theorem. I will state and prove the appropriate theorem, but not
go into the further details:

Let X be a topological space, let Cp := Cy(X,R) be the space of bounded
continuous real valued functions on X. For any f € C} and any subset A C X
let

[flloo,a := Lub.ccaflf ()]}

So
[ flloo = Il flloo,x -

A continuous linear function / is called tight if for every § > 0 there is a compact
set K5 and a positive number As such that

()] < Asl[ flloo. 5 + 0l[f[loo-

Theorem 8.8.1 [Yet another Riesz representation theorem.] If ¢ € C}
18 a tight non-negative linear functional, then there is a finite non-negative mea-
sure p on (X, B(X)) such that

4 = du
f07 all f e Cb.

Proof. We need to show that f, \, 0= (¢, f,,) \, 0. Given € > 0, choose

€
6= ——.
1+ 2[f1lloe

So 1
Sl < e

This same inequality then holds with f; replaced by f, since the f,, are mono-
tone decreasing. We have the K as in the definition of tightness, and by Dini’s
lemma, we can choose N so that

€
||fn||oo,K5 < TA(; ¥V n>N.

Then [(¢, fn)| < e for all n > N. QED

8.9 Invariant and relatively invariant measures
on homogeneous spaces.

Let G be a locally compact Hausdorff topological group, and let H be a closed
subgroup. Then G acts on the quotient space G/H by left multiplication, the
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element a sending the coset zH into axH. By abuse of language, we will continue
to denote this action by ¢,. So

lo(xH) := (ax)H.
We can consider the corresponding action on measures
K= Loxk.
The measure & is said to be invariant if
loyuk =K YV aeQG.

The measure £ on G/H is said to be relatively invariant with modulus D
if D is a function on G such that

losk = D(a)k ¥V a € G.
From its definition it follows that
D(ab) = D(a)D(b),

and it is not hard to see from the ensuing discussion that D is continuous. We
will only deal with positive measures here, so D is continuous homomorphism
of G into the multiplicative group of real numbers. We call such an object a
positive character. The questions we want to address in this section are what
are the possible invariant measures or relatively invariant measures on G/H,
and what are their modular functions.

For example, consider the ax + b group acting on the real line. So G is the
ax+b group, and H is the subgroup consisting of those elements with b = 0, the
“pure rescalings”. So H is the subgroup fixing the origin in the real line, and we
can identify G/H with the real line. Let N C G be the subgroup consisting of
pure translations, so N consists of those elements of G with a = 1. The group
N acts as translations of the line, and (up to scalar multiple) the only measure
on the real line invariant under all translations is Lebesgue measure, dx. But

(1)

acts on the real line by sending z — ax and hence
lpi(dz) = o™ tda.

(The push forward of the measure p under the map ¢ assigns the measure
p(p~1(A)) to the set A.) So there is no measure on the real line invariant under
G. On the other hand, the above formula shows that dz is relatively invariant

with modular function )
a _ -1
p((5 1))



8.9. INVARIANT AND RELATIVELY INVARIANT MEASURES ON HOMOGENEOUS SPACES.227

Notice that this is the same as the modular function A, of the group G, and
that the modular function ¢ for the subgroup H is the trivial function § = 1
since H is commutative.

We now turn to the general study, and will follow Loomis in dealing with
the integrals rather than the measures, and so denote the Haar integral of G
by I, with A its modular function, denote the Haar integral of H by J and its
modular function by x. We will let K denote an integral on G/H, and D a
positive character on G.

If f € Co(G), then we will let J;f(xt) denote that function of = obtained
by integrating the function ¢ — f(zt) on H with respect to J. By the left
invariance of J, we see that if s € H then

Ji(zst) = Ji(xt).

In other words, the function J;f(xt) is constant on cosets of H and hence
defines a function on G/H (which is easily seen to be continuous and of compact
support). Thus J defines a map

J: Co(G) — Co(G/H).

We will prove below that this map is surjective.
The main result we are aiming for in this section (due to A. Weil) is

Theorem 8.9.1 In order that a positive character D be the modular function
of a relatively invariant integral K on G/H it is necessary and sufficient that
A(s)

Dis) = x(s)

VseH. (8.28)

If this happens, then K is uniquely determined up to scalar multiple, in fact,
KI(fD))=cl(f) V feCo(G) (8:29)
where ¢ is some positive constant.

We begin with some preliminaries. Let w : G — G/H denote the projection
map which sends each element z € G into its right coset

m(z) = zH.

The topology on G/H is defined by declaring a set U C (G/H) to be open if and
only if 771(U) is open. The map = is then not only continuous (by definition)
but also open, i.e. sends open sets into open sets. Indeed, if O C G is an open
subset, then

7 (r(0)) = | J Oh

heH

which is a union of open sets, hence open, hence 7(O) is open.
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Lemma 8.9.1 If B is a compact subset of G/H then there exists a compact set
A C B such that

Proof. Since we are assuming that G is locally compact, we can find an open
neighborhood O of e in G whose closure C' is compact. The sets 7(z0), x € G
are all open subsets of G/H since 7 is open, and their images cover all of G/H.
In particular, since B is compact, finitely many of them cover B, so

B c | Jn(x0) c | Jr(ziC) =7 (U xiC>
the unions being finite. The set
i
is compact, being the finite union of compact sets. The set 7~ !(B) is closed
(since its complement is the inverse image of an open set, hence open). So
A=Knr YB)
is compact, and its image is B. QED

Proposition 8.9.1 J is surjective.

Let F € Co(G/H) and let B = Supp(F). Choose a compact set A C G with
m(A) = B as in the lemma. Choose ¢ € Cy(G) with ¢ > 0 and ¢ > 0 on A. If

r e AH = 1(B)

then ¢(xh) > 0 for some h € H, and so J(¢) > 0 on B. So we may extend the
function

to a continuous function, call it y, by defining it to be zero outside B = Supp(F).
The function g = 7*v, i.e.

is hence a continuous function on G, and hence

[ =go

is a continuous function of compact support on G. Since g is constant on H
cosets,

I(f)(z) =v(2)J(h)(2) = F(z). QED
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Now to the proof of the theorem. Suppose that K is an integral on Co(G/H)
with modular function D. Define

M(f) = K(J(fD))

for f € Cyo(G). By applying the monotone convergence theorem for J and K
we see that M is an integral. We must check that it is left invariant, and hence
determines a Haar measure which is a multiple of the given Haar measure.

M(€(1))

This shows that if K is relatively invariant with modular function D then K is
unique up to scalar factor. Let us multiply K be a scalar if necessary (which
does not change D) so that

I(f) = K(J(fD)).

We now argue more or less as before: Let h € H. Then

AMMI(f) =

proving that (8.28) holds.
Conversely, suppose that (8.28) holds, and try to define K by

KJ(f)) =1(fD7).

Since J is surjective, this will define an integral on Cy(G/H) once we show that
it is well defined, i.e. once we show that

J(fy=0=I(fD ") =0.
Suppose that J(f) =0, and let ¢ € Cy(G). Then
¢(x)D(x) 7 (I(f))(x) =0

for all x € G, and so taking I of the above expression will also vanish. We will
now use Fubini: We have

0 =1, (¢(x)D 7 (2)Jn(f(zh))) = L Jy (¢(z) D (2)(f(zh))) =
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Inle (¢(x) D~ (x)(f(zh)))
We can write the expression that is inside the last I, integral as
rh-1(@(xzh™ ) D™ @h™ ) (f()))

and hence

Inls (¢(2) D7 (@) (f(zh))) = Jnls (¢(ah™ ) D™ ah™)(f(2)ART)))

by the defining properties of A. Now use the hypothesis that A = Dy to get

Inlz (x(h1)(xh™ ") D~ (z)(f(x)))

and apply Fubini again to write this as

L (D71 (@) f(2) In(x (k™) (xh™1)))) -

By equation (8.26) applied to the group H, we can replace the J integral above
by Jn(¢(xh)) so finally we conclude that

I (D™ (@) f(x) Jn(d(zh))) = 0

for any ¢ € Cy(G). Now choose ¢ € Cy(G/H) which is non-negative and
identically one on 7(Supp(f)), and choose ¢ € Cy(G) with J(¢) = ¢. Then the
above expression is I(D~!f). So we have proved that

J(f)=0=I(fD7') =0,
and hence that K : Co(G/H) — C defined by
K(F)=1(D"'f) it 3(f)=F

is well defined. We still must show that K defined this way is relatively invariant
with modular function K. We compute

K((;F) = I(D7H(f)
= D(a)I(;(D7'f))
= D(a)I(D7'f)
= D(a)K(F). QED
Of particular importance is the case where G and H are unimodular, for

example compact. Then, up to scalar factor, there is a unique measure on G/H
invariant under the action of G.



Chapter 9

Banach algebras and the
spectral theorem.

In this chapter, all rings will be assumed to be associative and to have an identity
element, usually denoted by e. If an element x in the ring is such that (e — )
has a right inverse, then we may write this inverse as (e — y), and the equation

(e—z)(e—y)=e

expands out to
r+y—xy=0.

Following Loomis, we call y the right adverse of x and x the left adverse of
y. Loomis introduces this term because he wants to consider algebras without
identity elements. But it will be convenient to use it even under our assumption
that all our algebras have an identity. If an element has both a right and left
inverse then they must be equal by the associative law, so if x has a right and
left adverse these must be equal. When we say that an element has (or does
not have) an inverse, we will mean that it has (or does not have) a two sided
inverse. Similarly for adverse.

All algebras will be over the complex numbers. The spectrum of an element
z in an algebra is the set of all A € C such that (z — Ae) has no inverse. We
denote the spectrum of x by Spec(z).

Proposition 9.0.2 If P is a polynomial then
P(Spec(z)) = Spec(P(x)). (9.1)

Proof. The product of invertible elements is invertible. For any A € C write
P(t) — A as a product of linear factors:

P(t) = A =c]](t— pm).

Thus
P(z) — e = cH(x — [ie)

231
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in A and hence (P(x) — Xe)~! fails to exist if and only if (z — p;e) ™" fails to
exist for some 4, i.e. p; € Spec(x). But these u; are precisely the solutions of

P(p) = A

Thus A € Spec(P(z)) if and only if A = P(u) for some pu € Spec(z) which is
precisely the assertion of the proposition. QED

9.1 Maximal ideals.

9.1.1 Existence.

Theorem 9.1.1 FEvery proper right ideal in a ring is contained in a maximal
proper Tight ideal. Similarly for left ideals. Also any proper two sided ideal is
contained in a maximal proper two sided ideal.

Proof by Zorn’s lemma. The proof is the same in all three cases: Let I be
the ideal in question (right left or two sided) and F be the set of all proper ideals
(of the appropriate type) containing I ordered by inclusion. Since e does not
belong to any proper ideal, the union of any linearly ordered family of proper
ideals is again proper, and so has an upper bound. Now Zorn guarantees the
existence of a maximal element. QED

9.1.2 The maximal spectrum of a ring.

For any ring R we let Mspec(R) denote the set of maximal (proper) two sided
ideals of R. For any two sided ideal I we let

Supp(I) := {M € Mspec(R) : I C M}.

Notice that
Supp({0}) = Mspec(R)

and
Supp(R) = 0.

For any family I, of two sided ideals, a maximal ideal contains all of the I, if
and only if it contains the two sided ideal ) I,. In symbols

() Supp(Ia) = Supp (Z Ia) :
Thus the intersection of any collection of sets of the form Supp(I) is again of
this form. Notice also that if
A = Supp(I)

then
A = Supp(J) where J = ﬂ M.
MeA
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(Here I C J, but J might be a strictly larger ideal.) We claim that

A:supp<ﬂ M) andB:Supp<ﬂ M)

McA MeB

=>AUB:Supp< ﬂ M) (9.2)
MEeAUB

Indeed, if N is a maximal ideal belonging to A U B then it contains the inter-
section on the right hand side of (9.2) so the left hand side contains the right.
We must show the reverse inclusion. So suppose the contrary. This means that
there is a maximal ideal N which contains the intersection on the right but
does not belong to either A or B. Since N does not belong to A, the ideal
J(A) := (prea M is not contained in N, so J(A) + N = R, and hence there
exist a € J(A) and m € N such that a +m = e. Similarly, there exist b € J(B)
and n € N such that b4+ n = e. But then

e=e? = (a+m)(b+n)=ab+ an + mb+ mn.
Each of the last three terms on the right belong to N since it is a two sided
ideal, and so does ab since

we(n)o(nm)=(,0,v) <

Thus e € N which is a contradiction.

The above facts show that the sets of the form Supp(I) give the closed sets
of a topology.

If A C Mspec(R) is an arbitrary subset, its closure is given by

A:Supp<ﬂ M).

MeA

(For the case of commutative rings, a major advance was to replace maximal
ideals by prime ideals in the preceding construction - giving rise to the notion
of Spec(R) - the prime spectrum of a commutative ring. But the motivation for
this development in commutative algebra came from these constructions in the
theory of Banach algebras.)

9.1.3 Maximal ideals in a commutative algebra.

Proposition 9.1.1 An ideal M in a commutative algebra is maximal if and
only if R/M is a field.

Proof. If J is an ideal in R/M, its inverse image under the projection R — R/M
is an ideal in R. If J is proper, so is this inverse image. Thus M is maximal if
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and only if F' := R/M has no ideals other than 0 and F. Thus if 0 # X € F,
the set of all multiples of X must be all of F' if M is maximal. In particular
every non-zero element has an inverse. Conversely, if every non-zero element of
F has an inverse, then F' has no proper ideals. QED

9.1.4 Maximal ideals in the ring of continuous functions.

Let S be a compact Hausdorff space, and let C(S) denote the ring of continuous
complex valued functions on S. For each p € S, the map of C(S) — C given by

[ f(p)

is a surjective homomorphism. The kernel of this map consists of all f which
vanish at p. By the preceding proposition, this is then a maximal ideal, which
we shall denote by M,,.

Theorem 9.1.2 If I is a proper ideal of C(S), then there is a point p € S such
that
IC M,

In particular every mazimal ideal in C(S) is of the form M, so we may identify
Mspec(C(S)) with S as a set. This identification is a homeomorphism between
the original topology of S and the topology given above on Mspec(C(S)).

Proof. Suppose that for every p € S there is an f € I such that f(p) # 0.
Then |f|? = ff € I and |f(p)|*> > 0 and |f|?> > 0 everywhere. Thus each point
of S is contained in a neighborhood U for which there exists a g € I with g > 0
everywhere, and g > 0 on U. Since S is compact, we can cover S with finitely
many such neighborhoods. If we take h to be the sum of the corresponding ¢’s,
then h € I and h > 0 everywhere. So h™! € C(S) and e =1 = hh~! € I so
I =C(S5), a contradiction. This proves the first part of the the theorem.

To prove the last statement, we must show that the closure of any subset
A C S in the original topology coincides with its closure in the topology derived
from the maximal ideal structure. That is, we must show that

closure of A in the topology of S = Supp ( ﬂ M) .
MeA

Now
N M
MeA

consists exactly of all continuous functions which vanish at all points of A. Any
such function must vanish on the closure of A in the topology of S. So the left
hand side of the above equation is contained in the right hand side. We must
show the reverse inclusion. Suppose p € S does not belong to the closure of A
in the topology of S. Then Urysohn’s Lemma asserts that there is an f € C(S)
which vanishes on A and f(p) # 0. Thus p & Supp((\;c4 M). QED
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Theorem 9.1.3 Let I be an ideal in C(S) which is closed in the uniform topol-
ogy on C(S). Then
= (\ M

MeSupp([)

Proof. Supp(I) consists of all points p such that f(p) =0 for all f € I. Since
f is continuous, the set of zeros of f is closed, and hence Supp(I) being the
intersection of such sets is closed. Let O be the complement of Supp([) in S.
Then O is a locally compact space, and the elements of mMGSupp(I) M when
restricted to O consist of all functions which vanish at infinity. I, when restricted
to O is a uniformly closed subalgebra of this algebra. If we could show that the
elements of I separate points in O then the Stone-Weierstrass theorem would
tell us that I consists of all continuous functions on O which “vanish at infinity”,
i.e. all continuous functions which vanish on Supp(I), which is the assertion of
the theorem. So let p and ¢ be distinct points of O, and let f € C(S) vanish on
Supp(I) and at ¢ with f(p) = 1. Such a function exists by Urysohn’s Lemma,
again. Let g € I be such that ¢g(p) # 0. Such a g exists by the definition of

Supp(I). Then gf € I, (9f)(q) = 0, and (¢f)(p) # 0. QED

9.2 Normed algebras.

A normed algebra is an algebra (over the complex numbers) which has a norm
as a vector space which satisfies

eyl < llllyll (9-3)

Since e = ee this implies that
lell < lelf?

SO
lefl > 1.

Consider the new norm
[ylln = Tubyz2ollyz /[l

This still satisfies (9.3). Indeed, if x,y, and z are such that yz # 0 then

leyzll _ llwyzl vzl
= : < lllw - lyllv
1] ly=ll =]l
and the inequality
lzyz|

< llzllv -yl
1]
is certainly true if yz = 0. So taking the sup over all z # 0 we see that

leylln < llzlln - llyll~-
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From (9.3) we have
lylln < llyll-

Under the new norm we have
lelly = 1.

On the other hand, from its definition

lyll/llell < lyllx-

Combining this with the previous inequality gives

lyll/llell < llyllv < llyll-

In other words the norms || || and || ||y are equivalent. So with no loss of
generality we can add the requirement

el = 1 (0.4)

to our axioms for a normed algebra.

Suppose we weaken our condition and allow || || to be only a pseudo-norm.
this means that we allow the possible existence of non-zero elements x with
lz]] = 0. Then (9.3) implies that the set of all such elements is an ideal, call
it I. Then || || descends to A/I . Furthermore, any continuous (i.e. bounded)
linear function must vanish on I so also descends to A/I with no change in
norm. In other words, A* can be identified with (A/I)*.

If A is a normed algebra which is complete (i.e. A is a Banach space as a
normed space) then we say that A is a Banach algebra.

9.3 The Gelfand representation.

Let A be a normed vector space. The space A* of continuous linear functions
on A becomes a normed vector space under the norm

€] := sup [€(z)]/[|]-
llzll#0

Each x € A defines a linear function on A* by

and
lz(O)] < [14][[||l

so x is a continuous function of ¢ (relative to the norm introduced above on A*).
Let B = B1(A*) denote the unit ball in A*. In other words B = {{: ||| <
1}. The functions z(-) on B induce a topology on B called the weak topology.

Proposition 9.3.1 B is compact under the weak topology.
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Proof. For each z € A, the values assumed by the set of £ € B at z lie in the
closed disk D), of radius ||z|| in C. Thus

Bc ] Dy

z€A

which is compact by Tychonoff’s theorem - being the product of compact spaces.
To prove that B is compact, if is sufficient to show that B is a closed subset of
this product space. Suppose that f is in the closure of B. For any x and y in
A and any € > 0, we can find an £ € B such that

[f(z) = L) <& [fly) —y)] <€ and [f(z+y) — Uz +y)| <e
Since {(z + y) = ¢(x) + ¢(y) this implies that

If(z+vy) — f@) = fy)| < 3e.

Since € is arbitrary, we conclude that

flx+y) = f(x)+ f(y).

Similarly, f(Az) = Af(x). In other words, f € B. QED

Now let A be a normed algebra. Let A C A* denote the set of all continuous
homomorphisms of A onto the complex numbers. In other words, in addition
to being linear, we demand of h € A that

h(zy) = h(x)h(y) and h(e) =1.

Let E := h=1(1). Then E is closed under multiplication. In particular, if
x € E we can not have ||z|| < 1 for otherwise z™ is a sequence of elements in
E tending to 0, and so by the continuity of h we would have h(0) = 1 which
is impossible. So ||z|| > 1 for all z € E. If y is such that h(y) = A # 0, then
x:=y/X€ FE so
L)l < llyll,

and this clearly also holds if h(y) = 0. In other words,
ACB.

Since the conditions for being a homomorphism will hold for any weak limit of
homomorphisms (the same proof as given above for the compactness of B), we
conclude that A is compact.

Once again we can turn the tables and think of y € A as a function § on A
via

g(h) == h(y).

This map from A into an algebra of functions on A is called the Gelfand
representation.

The inequality |h(y)| < ||y|| for all h translates into

19l < llyll- (9-5)

Putting it all together we get
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Theorem 9.3.1 A is a compact subset of A* and the Gelfand representation
y — ¢ is a norm decreasing homomorphism of A onto a subalgebra A of C(A).

The above theorem is true for any normed algebra - we have not used any
completeness condition. For Banach algebras, i.e. complete normed algebras,
we can proceed further and relate A to Mspec(A). Recall that an element
of Mspec(A) corresponds to a homomorphism of A onto some field. In the
commutative Banach algebra case we will show that this field is C and that any
such homomorphism is automatically continuous. So for commutative Banach
algebras we can identify A with Mspec(A).

9.3.1 Invertible elements in a Banach algebra form an
open set.

In this section A will be a Banach algebra.

Proposition 9.3.2 If ||z|| < 1 then z has an adverse x' given by

oo

/

x:fg z"
n=1

so that e — x has an inverse given by

o0
e—1x' =e+ E ™.
n=1

Both are continuous functions of x

Proof. Let

Then if m < n

- 1
lsm = sall < Y | < 2™ == = 0
2 Tl
as m — oo. Thus s, is a Cauchy sequence and
T+ 8y — xs, = 2" = 0.

Thus the series — > (" x* as stated in the theorem converges and gives the ad-
verse of x and is continuous function of x. The corresponding statements for
(e — 2)~! now follow. QED

The proof shows that the adverse x’ of x satisfies

(9.6)
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Theorem 9.3.2 Let y be an invertible element of A and set

1
a:=—-:.
lly =l
Then y + x is invertible whenever
]| < a.
Furthermore ]
-1 -1 -
— < - —— . 9.7

Thus the set of elements having inverses is open and the map x — x~! is

continuous on its domain of definition.

Proof. If ||z]| < |ly~!||~! then

ly= ] < My~ [l < 1.

1

Hence e + y~ "z has an inverse by the previous proposition. Hence y + x =
1

y(e + y~'z) has an inverse. Also

y+a) =y = ety la) o)yt = —(—yTa) 'y

where (—y~1z)" is the adverse of —y~1x.

From (9.6) and the above expression for (z +y)~! — y~! we see that
12

|Il1ly el

= lllly=1  ala - Jl=l)”

@+~ =y < =y )y~ < 5

QED
Proposition 9.3.3 If I is a proper ideal then |le — x| > 1 for all x € I.

Proof. Otherwise there would be some x € I such that e — x has an adverse,
i.e. x has an inverse which contradicts the hypothesis that I is proper.

Proposition 9.3.4 The closure of a proper ideal is proper. In particular, every
mazimal ideal is closed.

Proof. The closure of an ideal I is clearly an ideal, and all elements in the
closure still satisfy ||e — z|| > 1 and so the closure is proper. QED

Proposition 9.3.5 If I is a closed ideal in A then A/I is again a Banach
algebra.

Proof. The quotient of a Banach space by a closed subspace is again a Banach
space. The norm on A/I is given by

[ X = min |||
zeX
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where X is a coset of I in A. The product of two cosets X and Y is the coset
containing xy for any x € X, y € Y. Thus

XY| = i < i = || X||||Y|-
IXY]| = _min_flayl| < _min_ []ly] = XY

Also, if F is the coset containing e then E is the identity element for A/I and
SO

IE] < 1.

But we know that this implies that ||E|| = 1. QED

Suppose that A is commutative and M is a maximal ideal of A. We know
that A/M is a field, and the preceding proposition implies that A/M is a normed
field containing the complex numbers. The following famous result implies that
A/M is in fact norm isomorphic to C. It deserves a subsection of its own:

The Gelfand-Mazur theorem.

A division algebra is a (possibly not commutative) algebra in which every non-
zero element has an inverse.

Theorem 9.3.3 FEvery normed division algebra over the complex numbers is
isometrically isomorphic to the field of complex numbers.

Let A be the normed division algebra and x € A. We must show that z = Xe
for some complex number A. Suppose not. Then by the definition of a division
algebra, (z — Ae) ™! exists for all A € C and all these elements commute. Thus

(x—\+he) ™ — (=)t =hlxz— A+ h)e) Hz—Xe)™!

as can be checked by multiplying both sides of this equation on the right by
x — Ae and on the left by z — (A+h)e. Thus the strong derivative of the function

A= (x—Xe)™!

exists and is given by the usual formula (x — \e)~2. In particular, for any £ € A*
the function

A= l((z —Xe)™h)

is analytic on the entire complex plane. On the other hand for A # 0 we have
(x—Xe) t=X"Hzzx—e)!

and this approaches zero as A — oco. Hence for any ¢ € A* the function A —
{((xz — Xe)~1) is an everywhere analytic function which vanishes at infinity, and
hence is identically zero by Liouville’s theorem. But this implies that (x —
Xe)~! =0 by the Hahn Banach theorem, a contradiction. QED
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9.3.2 The Gelfand representation for commutative Banach
algebras.

Let A be a commutative Banach algebra. We know that every maximal ideal is
the kernel of a homomorphism A of A onto the complex numbers. Conversely,
suppose that h is such a homomorphism. We claim that

|h(z)| < ||z
for any x € A. Indeed, suppose that |h(z)| > ||x| for some x. Then
lz/h(z)|| <1

so e — x/h(x) is invertible; in particular h(e — x/h(x)) # 0 which implies that
1= h(e) # h(x)/h(zx), a contradiction.

In short, we can identify Mspec(A) with A and the map = — & is a norm
decreasing map of A onto a subalgebra A of C(Mspec(A)) where we use the
uniform norm || || on C(Mspec(A)). A complex number is in the spectrum of
an x € A if and only if (z — Ae) belongs to some maximal ideal M, in which
case Z(M) = A. Thus

|Z]| o = Lu.b. {|A] : A € Spec(z)}. (9.8)

9.3.3 The spectral radius.

The right hand side of (9.8) makes sense in any algebra, and is called the spec-
tral radius of x and is denoted by |z|s,. We claim that

Theorem 9.3.4 In any Banach algebra we have

. (9.9)

_ 1 n
|33|8p = nh_)ngo |z

Proof. If |A| > ||z| then e — x/X is invertible, and therefore so is z — Ae so
A & Spec(z). Thus
|z]sp < [l2[].

We know from (9.1) that A € Spec(z) = A" € Spec(z™), so the previous
inequality applied to z" gives

1
‘xlw < [lz™||*

and so )
|z]sp < liminf ||z .

We must prove the reverse inequality with lim sup. Suppose that |u| < 1/|z|s,
so that p := 1/ satisfies |\| > |z|sp and hence e — pa is invertible. The formula

for the adverse gives
o0

(uz) == (pa)"

1
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where we know that this converges in the open disk of radius 1/||z||. However,
we know that (e — px)~! exists for |u| < 1/|x|sp. In particular, for any £ € A*
the function p — ¢((px)’) is analytic and hence its Taylor series

=3 =

converges on this disk. Here we use the fact that the Taylor series of a function
of a complex variable converges on any disk contained in the region where it is
analytic. Thus

[e(p"a")] =0

for each fixed ¢ € A* if |u| < 1/|z|sp. Considered as a family of linear functions
of ¢, we see that

£ (")

is bounded for each fixed ¢, and hence by the uniform boundedness principle,
there exists a constant K such that

[ z"|| < K
for each p in this disk, in other words
" 1
[z™ || < K= (1/|ul)

SO

. i .
timsup " | % < 1/|p| i 1/lu] > [2].p.

QED
In a commutative Banach algebra we can combine (9.9) with (9.8) to con-
clude that

. . nn i
lélloo = lim [|2"]+. (9.10)

We say that z is a generalized nilpotent element if lim ||z"||* = 0. From
(9.9) we see that x is a generalized nilpotent element if and only if & = 0. This
means that z belongs to all maximal ideals. The intersection of all maximal
ideals is called the radical of the algebra. A Banach algebra is called semi-
simple if its radical consists only of the 0 element.

9.3.4 The generalized Wiener theorem.

Theorem 9.3.5 Let A be a commutative Banach algebra. Then x € A has an
inverse if and only if & never vanishes.

Proof. If xy = e then 2y = 1. So if x has an inverse, then & can not vanish
anywhere. Conversely, suppose z does not have an inverse. Then Az is a
proper ideal. So z is contained in some maximal ideal M (by Zorn’s lemma).
So (M) = 0.
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Example. Let G be a countable commutative group given the discrete topology.
Then we may choose its Haar measure to be the counting measure. Thus L (G)
consists of all complex valued functions on G which are absolutely summable,

i.e. such that
> 1f(a)] < oo
aceG

Recall that L'(G) is a Banach algebra under convolution:
(f*9)(@) = fly"'z)gy).
yeG

We repeat the proof: Since L!(G) C L?(G) this sum converges and

SUF*g@)) < > 1@yl lg)l

zeG z,yeG

= > gl D Iy

yeG z€G

= Qs 1fw)) ie.

yeG welG

1f*gll < [fNllgll-
If 6, € L'(G) is defined by

1 ft==x
0a(t) = { 0 otherwise

then
Oy * 0y = Oy

We know that the most general continuous linear function on L'(G) is ob-
tained from multiplication by an element of L°°(G) and then integrating =
summing. That is it is given by

f=> fla)p()

zeG

where p is some bounded function. Under this linear function we have
Oz = p(z)
and so, if this linear function is to be multiplicative, we must have
plzy) = p(z)p(y)-

Since p(z™) = p(x)™ and |p(z)| is to be bounded, we must have |p(z)| = 1.
A function p satisfying these two conditions:

p(zy) = p(z)p(y) and |p(z)| =1
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is called a character of the commutative group G. The space of characters is
itself a group, denoted by G.

We have shown that Mspec(L'(G)) = G. In particular we have a topology
on G and the Gelfand transform f — f sends every element of L'(G) to a
continuous function on G.

For example, if G = Z under addition, the condition to be a character says
that

p(m+n) = p(m)p(n), [p|=1.
So

where

for some 0 € R/(2nZ). Thus

760) =3 fm)en?

neZ

is just the Fourier series with coefficients f(n). The image of the Gelfand trans-
form is just the set of Fourier series which converge absolutely. We conclude
from Theorem 9.3.5 that if F' is an absolutely convergent Fourier series which
vanishes nowhere, then 1/F has an absolutely convergent Fourier series. Before
Gelfand, this was a deep theorem of Wiener.

To deal with the version of this theorem which treats the Fourier transform
rather than Fourier series, we would have to consider algebras which do not
have an identity element. Most of what we did goes through with only mild
modifications, but I do not to go into this, as my goals are elsewhere.

9.4 Self-adjoint algebras.

Let A be a semi-simple commutative Banach algebra. Since “semi-simple”
means that the radical is {0}, we know that the Gelfand transform is injec-
tive. A is called self adjoint if for every x € A there exists an z* € A such
that

(z*) = 2.
By the injectivity of the Gelfand transform, the element x* is uniquely specified
by this equation.

In general, for any Banach algebra, a map f — fT is called an involutory
anti-automorphism if

o (fo)t =g'f"
o (f+o)t=fT+g
o (AT =XfT and
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o (/N =1

For example, if A is the algebra of bounded operators on a Hilbert space, then
the map T +— T* sending every operator to its adjoint is an example of an
involutory anti-automorphism. Another example is L!(G) under convolution,
for a locally compact Hausdorff group G where the involution was the map
f=1r

If A is a semi-simple self-adjoint commutative Banach algebra, the map
x — x* is an involutory anti-automorphism. It has this further property:

f=f"=1+f% isinvertible.

indeed, if f = f* then f is real valued, so 1+ f2 vanishes nowhere, and so 1+ f2
is invertible by Theorem 9.3.5. Conversely

Theorem 9.4.1 Let A be a commutative semi-simple Banach algebra with an
involutory anti-automorphism f — f1 such that 1 4+ f? is invertible whenever
f = f1. Then A is self-adjoint and T = *.

Proof. We must show that (fT)= ? We first prove that if we set
g=f+f
then § is real valued. Suppose the contrary, that
g(M)=a+1ib, b#0 for some M € Mspec(A).
Now g' = fT + (1)t = g and hence (¢?)' = ¢° so

_ag® —(a® —b?)g

h:=
b(a? + b2)
satisfies
ht = h.
We have ( b)2 ( ) b2)( b)
ala+1 —(a® — a+1
h(M) = = 1.
(M) b(a® + b2) !
So
1+ h(M)? =0

contradicting the hypothesis that 1 + h? is invertible. Now let us apply this
result to £ f and to 5 f. We have

f=g+in where g=(f+ 1), h= o/~ )

and we know that § and h are real and satisfy gt =gand hf = h. So

F=g+ih=g—ih=(f).
QED
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Theorem 9.4.2 Let A be a commutative Banach algebra with an involutory
anti-automorphism T which satisfies the condition

I££H = 111> v f e A (9.11)

Then the Gelfand transform f — f 1S a norm preserving surjective tsomorphism
which satisfies B
(ffy=1.

In particular, A is semi-simple and self-adjoint.

Proof. [IfII = £/ < IFIIF1] so If] < 1]l Replacing f by fT gives
1F11 < £ so

£ =171
and
LFFE0 = AP = 1L (9.12)
Now since A is commutative,
Frr=rtf
and
PUH =N = Umamt (9.13)

and so applying (9.12) to f? and then applying it once again to f we get

P22 = 1AL = 1AL = 11202

or

1212 = I £11%
Thus

1£20 = 11712,
and therefore

LA =120 = 1A

and by induction

1720 = 11

for all non-negative integers k.

Hence letting n = 2% in the right hand side of (9.10) we see that || f|lcc = || /]|
so the Gelfand transform is norm preserving, and hence injective. To show that
f = * it is enough to show that if f = fT then f is real valued, as in the proof
of the preceding theorem. Suppose not, so f(M) =a+ib, b # 0. For any real
number ¢ we have

(f +ice) (M) =a+i(b+c)

SO

|(f +ice) (M)* = a® + (b + ©)* < ||f +ice||* = [|(f + ice)(f — ice)|
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=12+ el < [IFII* + .

This says that
a? +b? +2bc + * < || f|I* +

which is impossible if we choose ¢ so that 2be > || f||%.

So we have proved that 1 = x. Now by definition, if f(M) = f(N) for all
f € A, the maximal ideals M and N coincide. So the image of elements of A
under the Gelfand transform separate points of Mspec(A). But every f € A can
be written as

1 N 1 N
f= 3+ +in(f= 1)

i.e. as asum g+ih where § and f are real valued. Hence the real valued functions
of the form g separate points of Mspec(A). Hence by the Stone Weierstrass the-
orem we know that the image of the Gelfand transform is dense in C(Mspec(A)).
Since A is complete and the Gelfand transform is norm preserving, we conclude
that the Gelfand transform is surjective. QED

9.4.1 An important generalization.

A Banach algebra with an involution { such that (9.11) holds is called a C*-
algebra. Notice that we are not assuming that this Banach algebra is commu-
tative. But an element x of such an algebra is called normal if

zxl = me,

in other words if # does commute with zf. Then we can repeat the argument
at the beginning of the proof of Theorem 9.4.2 to conclude that if x is a normal
element of a C* algebra, then

k k
22| = [l
and hence by (9.9)
|z[sp = l]]- (9.14)

An element z of an algebra with involution is called self-adjoint if 2 = z. In
particular, every self-adjoint element is normal.
Again, a rerun of a previous argument shows that if x is self-adjoint, meaning
that 2t = 2 then
Spec(z) CR (9.15)

Indeed, suppose that a + ib € Spec(z) with b # 0, and let
1
Y= g(x —ae)

so that y = y' and i € Spec(y). So e + iy is not invertible. So for any real
number 7,
(r+1le—(re—iy) =e+iy
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is not invertible. This implies that
r+ 1] < [[re —iy||

and so
(r+1)* <|lre —iyl]*> = [|(re — iy)(re + iy)|.

by (9.11). Thus
(r+1)* < e+ y?| < r* + [lyll?

which is not possible if 2r — 1 > [Jy||%.
So we have proved:

Theorem 9.4.3 Let A be a C* algebra. If x € A is normal, then
|2|sp = |||
If x € A is self-adjoint, then

Spec(z) C R.

9.4.2 An important application.
Proposition 9.4.1 If T is a bounded linear operator on a Hilbert space, then
|1TT*|| = | T||*. (9.16)

In other words, the algebra of all bounded operators on a Hilbert space is a
C*-algebra under the involution T +— T*.

Proof.
[T = sw [TT]
llpll=1
= sup — |(TT",9)|
lloll=1,ll¢ll=1
= s ((1%6.T)
lloll=1,llll=1
> sup (1°6,T°9)
lloll=1
= ||
S0
1T < |77 < [ TIT]
S0
171 < 177
Reversing the role of T' and T* gives the reverse inequality so [|T']| = ||T7].

Inserting into the preceding inequality gives

IT|”* < 77| < [|T°)|*
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so we have the equality (9.16). QED

Thus the map T — T* sending every bounded operator on a Hilbert space
into its adjoint is an anti-involution on the Banach algebra of all bounded op-
erators, and it satisfies (9.11). We can thus apply Theorem 9.4.2 to conclude:

Theorem 9.4.4 Let B be any commutative subalgebra of the algebra of bounded
operators on a Hilbert space which is closed in the strong topology and with
the property that T € B = T* € B. Then the Gelfand transform T — T
gives a norm preserving isomorphism of B with C(M) where M = Mspec(B).
Furthermore, (T*)" = T for all T € B. In particular, if T is self-adjoint, then

T is real valued.

9.5 The Spectral Theorem for Bounded Normal
Operators, Functional Calculus Form.

As a special case of the definition we gave earlier, a (bounded) operator T on a
Hilbert space H is called normal if

TT* =T"T.

We can then consider the subalgebra of the algebra of all bounded operators
which is generated by e, the identity operator, T' and T™*. Take the closure, B,
of this algebra in the strong topology. We can apply the preceding theorem to
B to conclude that B is isometrically isomorphic to the algebra of all continuous
functions on the compact Hausdorff space

M = Mspec(B).

Remember that a point of M is a homomorphism A : B — C and that

W(T™) = (T*) (h) = T(h) = h(T).

Since h is a homomorphism, we see that A is determined on the algebra generated
by e,T and T* by the value h(T), and since it is continuous, it is determined
on all of B by the knowledge of h(T). We thus get a map

M—-C, M>3h~— h(T), (9.17)
and we know that this map is injective. Now
h(T —h(T)e) =h(T)—h(T)=0

so T — h(T)e belongs to the maximal ideal h, and hence is not invertible in the
algebra B. Thus the image of our map lies in Specg (7). Here I have added the
subscript B, because our general definition of the spectrum of an element 7" in
an algebra B consists of those complex numbers z such that T'— ze does not
have an inverse in B. If we let A denote the algebra of all bounded operators on
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H, it is logically conceivable that T'— ze has an inverse in A which does not lie
in B. In fact, this can not happen. But this requires a proof, which I will give
later. So for the time being I will stick with the temporary notation Specy.

So the map h — h(T) actually maps M to the subset Specy(T') of the
complex plane. If A € Specg(T'), then by definition, 7' — Ae is not invertible in
B, so lies in some maximal ideal h, so A € Specy(T). So the map (9.17) maps M
onto Specg(T). Since the topology on M is inherited from the weak topology,
the map h — h(T) is continuous. Since M is compact and C is Hausdorff,
the fact that h is bijective and continuous implies that A~! is also continuous.
Indeed we must show that if U is an open subset of M, then h(U) is open in
Specg(T). But M\ U is compact, hence its image under the continuous map
h is compact, hence closed, and so the complement of this image which is h(U)
is open.

Thus h is a homeomorphism, and hence we have a norm-preserving -
isomorphism 7' — 7" of B with the algebra of continuous functions on Specy (7).
Furthermore the element T corresponds the function z +— 2z (restricted to
Spec (T)).

Since B is determined by T, let me use the notation o(T") for Specy(T),
postponing until later the proof that o(T) = Spec,(T). Let me set

o=h"

and now follow the customary notation in Hilbert space theory and use I to
denote the identity operator.

9.5.1 Statement of the theorem.

Theorem 9.5.1 Let T be a bounded normal operator on a Hilbert space H. Let
B(T) denote the closure in the strong topology of the algebra generated by I,T
and T*. Then there is a unique continuous % isomorphism

¢:C(a(T)) — B(T)

such that
¢(1) =1
and
d(z—2)="T.
Furthermore,
Ty =X, vy eH = o(f)p = f(A). (9.18)

If f € C(a(T)) is real valued then ¢(f) is self-adjoint, and if f > 0 then ¢(f) >0

as an operator.

The only facts that we have not yet proved (aside from the big issue of proving
that o(T') = Spec4(T)) are (9.18) and the assertions which follow it. Now (9.18)
is clearly true if we take f to be a polynomial, in which case ¢(f) = f(T'). Then
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just apply the Stone-Weierstrass theorem to conclude (9.18) for all f. If f is
real then f = f and therefore ¢(f) = ¢(f)*. If f > 0 then we can find a real
valued g € C(o(T) such that f = g2 and the square of a self-adjoint operator is
non-negative. QED

In view of this theorem, there is a more suggestive notation for the map ¢.
Since the image of the monomial z is T', and since the image of any polynomial
P (thought of as a function on o(7T)) is P(T'), we are safe in using the notation

f(T) = o(f)
for any f € C(o(T)).

9.5.2 Specy(T) = Specy(T).
Here is the main result of this section:
Theorem 9.5.2 Let A be a C* algebra and let B be a subalgebra of A which is

closed under the involution. Then for any x € B we have
Specg(z) = Spec 4 (). (9.19)

Remarks:

1. Applied to the case where A is the algebra of all bounded operators on a
Hilbert space, and where B is the closed subalgebra by I,T and T* we get the
spectral theorem for normal operators as promised.
2. If x — ze has no inverse in A it has no inverse in B. So

Spec4(z) C Specg(z).

We must show the reverse inclusion. We begin by formulating some general
results and introducing some notation.

For any associative algebra A we let G(A) denote the set of elements of A
which are invertible (the “group-like” elements).

Proposition 9.5.1 Let B be a Banach algebra, and let x,, € G(B) be such that
xn — x and x & G(B). Then

lz | = oo.

Proof. Suppose not. Then there is some C > 0 and a subsequence of elements
(which we will relabel as x,,) such that

a7t < C.
Then
r=xp(e+x, (x—1,))
with  — z,, — 0. In particular, for n large enough
2zt -l = @l < 1,

so (e + x,(x — x,)) is invertible as is x,, and so z is invertible contrary to
hypothesis. QED
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Proposition 9.5.2 Let B be a closed subalgebra of a Banach algebra A con-
taining the unit e. Then

e (G(B) is the union of some of the components of BN G(A).

o Ifx € B then Specy(x) is the union of Specy(x) and a (possibly empty)
collection of bounded components of C\ Spec,4(x).

e If Specy(x) does not separate the complex plane then
Specp(x) = Spec 4 ().

Proof. We know that G(B) C G(A) N B and both are open subsets of B.
We claim that G(A) N B contains no boundary points of G(B). If & were such
a boundary point, then z = limx,, for z, € G(B), and by the continuity of
the map y — y~! in A we conclude that z;! — 27! in A, so in particular
the ||z,,|~! are bounded which is impossible by Proposition 9.5.1. Let O be a
component of B N G(A) which intersects G(B), and let U be the complement
of G(B). Then O N G(B) and O NU are open subsets of B and since O does
not intersect dG(B), the union of these two disjoint open sets is O. So O N U
is empty since we assumed that O is connected. Hence O C G(B). This proves
the first assertion.
For the second assertion, let us fix the element x, and let

Ga(z) = C\ Specy(x)

so that G 4(x) consists of those complex numbers z for which = — ze is invertible
in A, with a similar notation for Gg(z). Both of these are open subsets of
C and Gp(z) C Ga(z). Furthermore, as before, Gp(x) C G4(x) and Ga(x)
can not contain any boundary points of Gg(z). So again, Gp(x) is a union of
some of the connected components of G 4(x). Therefore Specg(z) is the union
of Spec 4(z) and the remaining components. Since Specg(z) is bounded, it will
not contain any unbounded components.

The third assertion follows immediately from the second. QED

But now we can prove Theorem 9.5.2. We need to show that if x € B is
invertible in A then it is invertible in B. If x is invertible in A then so are * and
zx*. But xx* is self-adjoint, hence its spectrum is a bounded subset of R, so
does not separate C. Since 0 & Spec 4 (xz*) we conclude from the last assertion
of the proposition that 0 ¢ Specg(zx*) so xz* has an inverse in B. But then

o*(zx*)"t e B

and

z (z*(z2*)7!) =e.

QED.
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9.5.3 A direct proof of the spectral theorem.

I started out this chaper with the general theory of Banach algebras, went to
the Gelfand representation theorem, the special properties of C* algebras, and
then some general facts about how the spectrum of an element can vary with
the algebra containing it. I took this route because of the impact the Gelfand
representation theorem had on the course of mathematics, especially in algebraic
geometry. But the key ideas are

e (9.9), which, for a bounded operator T' on a Banach space says that

max |\ = lim |77~
AESpec(T) n—00

)

e (9.16) which says that if T' is a bounded operator on a Hilbert space then
ITT*|| = | T?, and

e If T is a bounded operator on a Hilbert space and T7T* = T*T then it
follows from (9.16) that

k k
171 = IT)1* .

We could prove these facts by the arguments given above and conclude that if
T is a normal bounded operator on a Hilbert space then

max _|Al = ||T]. (9.20)
AeSpec(T)
Suppose (for simplicity) that T is self-adjoint: T" = T*. Then the argument

given several times above shows that Spec(T) C R. Let P be a polynomial.
Then (9.1) combined with the preceding equation says that

P(T)|| = P(N)|. 9.21

IPT)| = | max POV (9:21)
The norm on the right is the restriction to polynomials of the uniform norm
Il - oo on the space C(Spec(T)).

Now the map
P~ P(T)

is a homomorphism of the ring of polynomials into bounded normal operators
on our Hilbert space satisfying

P— P(T)*
and

IP(T)]| = [[Pllos,spec(r)-

The Weierstrass approximation theorem then allows us to conclude that this
homomorphism extends to the ring of continuous functions on Spec(T') with all
the properties stated in Theorem 9.5.1 .
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Chapter 10

The spectral theorem.

The purpose of this chapter is to give a more thorough discussion of the spectral
theorem, especially for unbounded self-adjoint operators,

We begin by giving a slightly different discussion showing how the Gelfand
representation theorem, especially for algebras with involution, implies the spec-
tral theorem for bounded self-adjoint (or, more generally normal) operators on
a Hilbert space. Recall that an operator T' is called normal if it commutes
with 7. More generally, an element 7' of a Banach algebra A with involution
is called normal if TT* =T*T.

Let B be the closed commutative subalgebra generated by e,T" and T™. We
know that B is isometrically isomorphic to the ring of continuous functions
on M, the space of maximal ideals of B, which is the same as the space of
continuous homomorphisms of B into the complex numbers. We shall show
again that M can also be identified with Spec 4(T'), the set of all A € C such that
(T — Xe) is not invertible. This means that every continuous continuous function
f on M = Spec,(T) corresponds to an element f of B. In the case where A
is the algebra of bounded operators on a Hilbert space, we will show that this
homomorphism extends to the space of Borel functions on Spec 4 (T).(In general
the image of the extended homomorphism will lie in A, but not necessarily in
B.) We now restrict attention to the case where A is the algebra of bounded
operators on a Hilbert space.

If U is a Borel subset of Spec,(T), let us denote the element of A corre-
sponding to 1y by P(U). Then

P(U)?> = P(U) and P(U)* = P(U)

so P(U) is a self adjoint (i.e. “orthogonal”) projection. Also, if UNV = () then
PU)P(V) =0 and
P(UUV) = P(U) + P(V).

Thus U — P(U) is finitely additive. In fact, it is countably additive in the weak
sense that for any pair of vectors x,y in our Hilbert space H the map

Uoy: U (PU)z,y)

255



256 CHAPTER 10. THE SPECTRAL THEOREM.

is a complex valued measure on M. We shall prove these results in partially
reversed order, in that we first prove the existence of the complex valued measure
ltzy using the Riesz representation theorem describing all continuous linear
functions on C(M), and then deduce the existence of the resolution of the
identity or projection valued measure

Uw— PU),

(more precise definition below) from which we can recover T. The key tool, in
addition to the Gelfand representation theorem and the Riesz theorem describ-
ing all continuous linear functions on C'(M) as being signed measures is our
old friend, the Riesz representation theorem for continuous linear functions on
a Hilbert space.

10.1 Resolutions of the identity.

In this section B denotes a closed commutative self-adjoint subalgebra of the
algebra of all bounded linear operators on a Hilbert space H. (Self-adjoint
means that 7' € B = T* € B.) By the Gelfand representation theorem we
know that B is isometrically isomorphic to C'(M) under a map we denote by

T—T
and we know that .
T —T.
Fix
z,y € H.
The map
T (Tz,y)

is a linear function on C'(M) with

(T2, )] < I TNzl = 17l 11yl

In particular it is a continuous linear function on C'(M). Hence, by the Riesz
representation theorem, there exists a unique complex valued bounded measure

M;E,y

such that
M

When 7' is real, T = T* so (Tz,y) = (z,Ty) = (Ty,z). The uniqueness of the
measure implies that
Hy,x = Hz,y-
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Thus, for each fixed Borel set U C M its measure p, ,(U) depends linearly on
x and anti-linearly on y. We have

M) = /M 1tz = (e2,9) = (z,7)

SO
|ty (M)] < ][9]l
So if f is any bounded Borel function on M, the integral

/ fd,ufac,y
M

is well defined, and is bounded in absolute value by || f||c||z|||ly]]. If we hold f
and z fixed, this integral is a bounded anti-linear function of y, and hence by
the Riesz representation theorem there exists a w € H such that this integral
is given by (w,y). The w in question depends linearly on f and on x because
the integral does, and so we have defined a linear map O from bounded Borel
functions on M to bounded operators on H such that

(O(f)z,y) = /M Jdua,

and
N0 < ([ f]loo-

On continuous functions we have
ol =T

so O is an extension of the inverse of the Gelfand transform from continuous
functions to bounded Borel functions. So we know that O is multiplicative and
takes complex conjugation into adjoint when restricted to continuous functions.
Let us prove these facts for all Borel functions. If f is real we know that
(O(f)y,x) is the complex conjugate of (O(f)x,y) since py . = fiz,. Hence
O(f) is self-adjoint if f is real from which we deduce that

o(f) =0(f)".
Now to the multiplicativity: For S,T € B we have

/ S'Tduz’y = (STz,y) :/ S’duTw,y.
M M

Since this holds for all § € C'(M) (for fixed Tz, y) we conclude by the unique-
ness of the measure that

KT,y = T,U/z,y .

Therefore, for any bounded Borel function f we have

(T2, O(f)"y) = (O(f)Tz,y) = /M Fdpira, — /M T iy,
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This holds for all T € C (M) and so by the uniqueness of the measure again, we
conclude that

ta,0(f)y = fliay

and hence

(O(fg)r,y) = /M gfdpgy = /M 9dpz.0(r)-y = (0(9)z, O(f)"y) = (O(f)O(g)z, y)
or
O(fg) = O(f)O(g)

as desired.
We have now extended the homomorphism from C(M) to A to a homo-

morphism from the bounded Borel functions on M to bounded operators on
H

Now define:
PU):=0(1p)

for any Borel set U. The following facts are immediate:
1. P(®)=0
2. P(M) = e the identity

3. PUNV) = PU)P(V) and P(U)* = P(U). In particular, P(U) is a
self-adjoint projection operator.

4. HUNV =0 then P(UUV) = P(U) + P(V).

5. For each fixed z,y € H the set function P,, : U — (P(U)z,y) is a
complex valued measure.

Such a P is called a resolution of the identity. It follows from the last item
that for any fixed « € H, the map U — P(U)z is an H valued measure.

We have shown that any commutative closed self-adjoint subalgebra B of
the algebra of bounded operators on a Hilbert space H gives rise to a unique
resolution of the identity on M = Mspec(B) such that

T = / TdP (10.1)
M
in the “weak” sense that
(To) = [ Tdney 1eylV) = (PW)2.3).

Actually, given any resolution of the identity we can give a meaning to the

integral
/ fdP
M
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for any bounded Borel function f in the strong sense as follows: if

s = ZailUi

is a simple function where
M=U,U---UU,, UNU;=0, i#j

and aq,...,qa, € C, define

O(s) == _a; P(U;) ::/ sdP.
M
This is well defined on simple functions (is independent of the expression) and
is multiplicative

O(st) = O(s)O(t).
Also, since the P(U) are self adjoint,

0(3) = O(s)".

It is also clear that O is linear and
O).9) = [ sape,,
M

As a consequence, we get

10(s)| =(0(8)*0(8)w7x)=/M|8| APy z
SO
1O(s)2)[1* < Islloc]l]1*.

If we choose ¢ such that |«;| = ||s||cc and take z = P(U;)y # 0, then we see that
0@l = llslloo

provided we now take ||f||o to denote the essential supremum which means
the following:

It follows from the properties of a resolution of the identity that if U, is a
sequence of Borel sets such that P(U,,) = 0, then P(U) =0if U =JU,. Soif f
is any complex valued Borel function on M, there will exist a largest open subset
V C C such that P(f~1(V)) = 0. We define the essential range of f to be
the complement of V', say that f is essentially bounded if its essential range
is compact, and then define its essential supremum || f||oo to be the supremum
of |A| for X in the essential range of f. Furthermore we identify two essentially
bounded functions f and g if ||f — g||loc = 0 and call the corresponding space
L (P).
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Every element of L>°(P) can be approximated in the || ||oo norm by simple
functions, and hence the integral

o(f) = /M fap

is defined as the strong limit of the integrals of the corresponding simple func-
tions. The map f +— O(f) is linear, multiplicative, and satisfies

O(f) = O(f)*
and
O = 1[flls

as before.

If S is a bounded operator on H which commutes with all the O(f) then it
commutes with all the P(U) = O(1y). Conversely, if S commutes with all the
P(U) it commutes with all the O(s) for s simple and hence with all the O(f).

Putting it all together we have:

Theorem 10.1.1 Let B be a commutative closed self adjoint subalgebra of the
algebra of all bounded operators on a Hilbert space H. Then there ezists a
resolution of the identity P defined on M = Mspec(B) such that (10.1) holds.
The map T—T of C(M) — B given by the inverse of the Gelfand transform
extends to a map O from L>®(P) to the space of bounded operators on H

o(f) = /M fap.

Furthermore, P(U) # 0 for any non-empty open set U and an operator S com-
mutes with every element of B if and only if it commutes with all the P(U) in
which case it commutes with all the O(f).

We must prove the last two statements. If U is open, we may choose T # 0
such that 7" is supported in U (by Urysohn’s lemma). But then (10.1) implies
that T"= 0, a contradiction.

For any bounded operator S and any z,y € H and T € B we have

(STx,y) = (Tx,S*y) = /Tde75*y
while
(TSz,y) = /’f’dng,y.

If ST =TS for all T' € B this means that the measures Ps; , and P, g+, are
the same, which means that

(P(U)Sz,y) = (P(U)x,S*y) = (SP(U)z,y)
for all x and y which means that
SP(U)=PU)S

for all U. We already know that SP(U) = P(U)S for all S implies that SO(f) =
O(f)S for all f € L>(P). QED
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10.2 The spectral theorem for bounded normal
operators.

Let T be a bounded operator on a Hilbert space H satisfying
TT* =T"T.

Recall that such an operator is called normal. Let B be the closure of the
algebra generated by e, T and T*. We can apply the theorem of the preceding
section to this algebra. The one useful additional fact is that we may identify
M with Spec(T). Indeed, define the map

M — Spec(T)

by

h— h(T).
We know that h(T — h(T)e) = 0 so T — h(T)e lies in the maximal ideal cor-
responding to h and so is not invertible, consequently h(T") € Spec(T). So the
map is indeed into Spec(T).

If X € Spec(T) then by definition 7" — Xe is not invertible, hence lie in
some maximal ideal, hence A = h(T) for some h so this map is surjective. If
hi(T) = ho(T) then hy(T*) = hi(T) = ho(T*). Since hy agrees with hy on T
and T* they agree on all of B, hence hy = hy. In other words the map h — h(T)
is injective. From the definition of the topology on M it is continuous. Since
M is compact, this implies that it is a homeomorphism. QED

Thus in the theorem of the preceding section, we may replace M by SpecT
when B is the closed algebra generated by T and T* where T is a normal
operator.

In the case that T is a self-adjoint operator, we know that SpecT C R, so
our resolution of the identity P is defined as a projection valued measure on R
and (10.1) gives a bounded selfadjoint operator as

T:/)\dP

relative to a resolution of the identity defined on R.

10.3 Stone’s formula.

Let T be a bounded self-adjoint operator. We know that

T /R AP\

for some projection valued measure P on R. We also know that every bounded
Borel function on R gives rise to an operator. In particular, if z is a complex
number which is not real, the function

1

)\'_})\—z
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is bounded, and hence corresponds to a bounded operator

R(2,T) = /R(z —A)"tP ().

Since

(ze =T) = /R(z —A)dP(X)

and our homomorphism is multiplicative, we have
R(z2,T)= (2 —T)""

A conclusion of the above argument is that this inverse does indeed exist for all
non-real z. The operator (valued function) R(z,T) is called the resolvent of
T. Stone’s formula gives an expression for the projection valued measure in
terms of the resolvent. It says that for any real numbers a < b we have

1 b
s lim — / [R(\ — ie,T) — R(\ + i€, T)] dA = = (P((a,b)) + P([a,b])).

(10.2)
Although this formula cries out for a “complex variables” proof, and I plan to
give one later, we can give a direct “real variables” proof in terms of what we
already know. Indeed, let

1
2

We have

10 € 1 T —a x—b
fe(z):;/a (x_)\wd)\—w(arctan{ . }—arctam[ . ])

The expression on the right is uniformly bounded, and approaches zero if x &
[a, b], approaches % if x = a or x = b, and approaches 1 if € (a,b). In short,

. 1
lim fe(2) = 5 (Lap) + Ljap))-

We may apply the dominated convergence theorem to conclude Stone’s formula.
QED

10.4 Unbounded operators.

Many important operators in Hilbert space that arise in physics and mathe-
matics are “unbounded”. For example the operator D = %% on Lo(R). This
operator is not defined on all of Lo, and where it is defined it is not bounded

as an operator. One of the great achievements of Wintner in the late 1920’s,
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followed by Stone and von Neumann was to prove a version of the spectral
theorem for unbounded self-adjoint operators.

There are two (or more) approaches we could take to the proof of this the-
orem. Both involve the resolvent

R, =R(z,T)= (I -T)" " (10.3)

After spending some time explaining what an unbounded operator is and giving
the very subtle definition of what an unbounded self-adjoint operator is, we
will prove that the resolvent of a self-adjoint operator exists and is a bounded
normal operator for all non-real z.

We could then apply the spectral theorem for bounded normal operators
to derive the spectral theorem for unbounded self-adjoint operators. This is
the fastest approach, but depends on the whole machinery of the Gelfand rep-
resentation theorem that we have developed so far. Or, we could could prove
the spectral theorem for unbounded self-adjoint operators directly using (a mild
modification of) Stone’s formula. We will present both methods. In the second
method we will follow the treatment by Lorch.

10.5 Operators and their domains.

Let B and C be Banach spaces. We make B & C into a Banach space via

{2, 31 = [l + [lyll

Here we are using {z,y} to denote the ordered pair of elements 2 € B and
y € C so as to avoid any conflict with our notation for scalar product in a
Hilbert space. So {z,y} is just another way of writing = @ y.
A subspace
rceedC

will be called a graph (more precisely a graph of a linear transformation) if
{0,y} el = y=0.
Another way of saying the same thing is
{z,y1} €T and {z,y2} €T = y1 = yo.
In other words, if {z,y} € T then y is determined by z. So let
D(T") denote the set of all x € B such that there is a y € C with {z,y} €T

Then D(T) is a linear subspace of B, but, and this is very important, D(T') is
not necessarily a closed subspace. We have a linear map

TT): D(I)— C, Tr=y where {x,y} €T.
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Equally well, we could start with the linear transformation: Suppose we are
given a (not necessarily closed) subspace D(T') C B and a linear transformation

T:D(T)— C.
We can then consider its graph I'(T") C B @ C which consists of all
{z,Tz}.

Thus the notion of a graph, and the notion of a linear transformation defined
only on a subspace of B are logically equivalent. When we start with 7' (as
usually will be the case) we will write D(T) for the domain of T and I'(T") for
the corresponding graph. There is a certain amount of abuse of language here,
in that when we write 7', we mean to include D(T") and hence I'(T") as part of
the definition.

A linear transformation is said to be closed if its graph is a closed subspace
of B@ C. Let us disentangle what this says for the operator T'. It says that if
fn € D(T) then

fo—f and Tf, —g = feD(T) and Tf=g.

This is a much weaker requirement than continuity. Continuity of T" would say
that f,, — f alone would imply that T f,, converges to T'f. Closedness says that
if we know that both f, converges and g,, = T f,, converges then we can conclude
that f = lim f,, lies in D(T) and that Tf = g.

An important theorem, known as the closed graph theorem says that if T is
closed and D(T) is all of B then T is bounded. As we will not need to use this
theorem in this lecture, we will not present its proof here.

10.6 The adjoint.

Suppose that we have a linear operator T : D(T) — C and let us make the
hypothesis that

D(T) is dense in B.

Any element of B* is then completely determined by its restriction to D(T).
Now consider
rm*cc s B*
defined by
{{,m} e (1) & {,Tz)= (m,z) YaecDT). (10.4)

Since m is determined by its restriction to D(T), we see that I'* = T'(T™) is
indeed a graph. (It is easy to check that it is a linear subspace of C* @ B*.) In
other words we have defined a linear transformation

T* .= T(D(T)")
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whose domain consists of all £ € C* such that there exists an m € B* for which
(0, Tzy = (m,z) Y aze D).

If ¢, — ¢ and m,, — m then the definition of convergence in these spaces
implies that for any x € D(T') we have

(¢, Tz) =lim(¢,, Tx) = lim(m,,z) = (m, z).

If we let = range over all of D(T') we conclude that I'* is a closed subspace of
C* @ B*. In other words we have proved

Theorem 10.6.1 If T : D(T) — C is a linear transformation whose domain
D(T) is dense in B, it has a well defined adjoint T* whose graph is given by
(10.4). Furthermore T* is a closed operator.

10.7 Self-adjoint operators.

Now let us restrict to the case where B = C' = H is a Hilbert space, so we
may identify B* = C* = H* with H via the Riesz representation theorem. If
T : D(T) — H is an operator with D(T') dense in H we may identify the domain
of T* as consisting of all {g,h} € H & H such that

(Ta,g) = (2,h) Vo € D(T)
and then write
(Tz,g9) = (z,T"g) Vxe€ D), ge D(T").

We now come to the central definition: An operator A defined on a domain
D(A) C H is called self-adjoint if

e D(A) is dense in H,
e D(A) =D(A*), and
o Ax = A*x Vx € D(A).

The conditions about the domain D(A) are rather subtle, and we shall go into
some of their subtleties in a later lecture. For the moment we record one imme-
diate consequence of the theorem of the preceding section:

Proposition 10.7.1 Any self adjoint operator is closed.

If we combine this proposition with the closed graph theorem which asserts
that a closed operator defined on the whole space must be bounded, we derive
a famous theorem of Hellinger and Toeplitz which asserts that any self adjoint
operator defined on the whole Hilbert space must be bounded. This shows that
for self-adjoint operators, being globally defined and being bounded amount
to the same thing. At the time of its appearance in the second decade of the
twentieth century, this theorem of Hellinger and Toeplitz was considered an
astounding result. It was only after the work of Banach, in particular the proof
of the closed graph theorem, that this result could be put in proper perspective.



266 CHAPTER 10. THE SPECTRAL THEOREM.

10.8 The resolvent.

The following theorem will be central for us.

Theorem 10.8.1 Let A be a self-adjoint operator on a Hilbert space H with
domain D = D(A). Let
c=A+ip, p#0

be a complex number with non-zero imaginary part. Then
(cI-—A):DA)—- H
18 bijective. Furthermore the inverse transformation
(eI —A)"': H — D(A)

1s bounded and in fact
1

e = A7 < —. (10.5)
|l

Remark. In the case of a bounded self adjoint operator this is an immediate
consequence of the spectral theorem, more precisely of the fact that Gelfand
transform is an isometric isomorphism of the closed algebra generated by A
with the algebra C(Spec A). Indeed, the function A — 1/(c — A) is bounded
on the whole real axis with supremum 1/|u|. Since Spec(A) C R we conclude
that (cI — A)~! exists and its norm satisfies (10.5). We will now give a direct
proof of this theorem valid for general self-adjoint operators, and will use this
theorem for the proof of the spectral theorem in the general case.

Proof. Let g € D(A) and set
f={(cl—A)g =[N —Alg+ing.
Then [|f]* = (f,f) =
el = Algll* + 2 llgll* + (M — Alg.ing) + (ing, [\ — Alg).

I claim that these last two terms cancel. Indeed, since g € D(A) and A is self
adjoint we have

(ng, M = Alg) = (u[M — Alg, g) = ([M — Alg, ug)
since p is real. Hence
(I — Alg,ing) = —i(ug, [\ — Alg).
We have thus proved that

£ = (A = A)gll* + 1lg]1*. (10.6)
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In particular
I£I1” > w?llgl?

for all g € D(A). Since || > 0, we see that f =0 = g = 0so (cI — A) is
injective on D(A), and furthermore that that (cI — A)~! (which is defined on
im (cI — A))satisfies (10.5). We must show that this image is all of H.

First we show that the image is dense. For this it is enough to show that
there is no h # 0 € H which is orthogonal to im (¢ — A). So suppose that

([ef — Alg,h) =0 Vg€ D(A).

Then
(9,¢h) = (cg,h) = (Ag,h) Vg € D(A)

which says that h € D(A*) and A*h = ¢h. But A is self adjoint so h € D(A)
and Ah =¢ch. Thus

(h, h) = (ch,h) = (Ah, h) = (h, Ah) = (h,ch) = c(h, h).

Since ¢ # ¢ this is impossible unless h = 0. We have now established that the
image of ¢ — A is dense in H.
We now prove that it is all of H. So let f € H. We know that we can find

fo=1(cI —A)gn, gn€D(A) with f, — f.

The sequence f, is convergent, hence Cauchy, and from (10.5) applied to ele-
ments of D(A) we know that

Hgm - gn” S |M|_1an - fm”

Hence the sequence {g,} is Cauchy, so g, — ¢ for some g € H. But we know
that A is a closed operator. Hence g € D(A) and (cI — A)g = f. QED

The operator
R.=R.(A) = (=] — A)’1

is called the resolvent of A when it exists as a bounded operator. The set
of z € C for which the resolvent exists is called the resolvent set and the
complement of the resolvent set is called the spectrum of the operator. The
preceding theorem asserts that the spectrum of a self-adjoint operator is a subset
of the real numbers.

Let z and w both belong to the resolvent set. We have

wl — A= (w—2)I+ (21 — A).
Multiplying this equation on the left by R,, gives

I=(w—2)Ry + Ry(zI — A),
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and multiplying this on the right by R, gives
R, — Ry, = (w—2)RyR,.

From this it follows (interchanging z and w) that R, R,, = R, R., in other words
all resolvents R, commute with one another and we can also write the preceding
equation as

R, — Ry, = (w—2)R,Ry. (10.7)

This equation, which is known as the resolvent equation dates back to the
theory of integral equations in the nineteenth century.

It follows from the resolvent equation that z — R, (for fixed A) is a contin-
uous function of z. Once we know that the resolvent is a continuous function of
z, we may divide the resolvent equation by (z — w) if z # w and, if w is interior
to the resolvent set, conclude that

lim Fe = fw _ —R2%.
zow oz — W
This says that the “derivative in the complex sense” of the resolvent exists and is
given by —R2. In other words, the resolvent is a “holomorphic operator valued”
function of z.
To emphasize this holomorphic character of the resolvent, we have

Proposition 10.8.1 Let z belong to the resolvent set. The the open disk of
radius ||R,|| ! about z belongs to the resolvent set and on this disk we have

R, = RZ(I + (Z - w)Rz + (Z - ’LU)2R§ + - ) (108)

Proof. The series on the right converges in the uniform topology since |z —
w| < ||R,]|7!. Multiplying this series by (2I — A) — (2 — w)I gives I. But
z2I — A— (2 —w)l =wl — A. So the right hand side is indeed R,,. QED

This suggests that we can develop a “Cauchy theory” of integration of func-
tions such as the resolvent, and we shall do so, eventually leading to a proof of
the spectral theorem for unbounded self-adjoint operators.

However we first give a proof (following the treatment in Reed-Simon) in
which we derive the spectral theorem for unbounded operators from the Gelfand
representation theorem applied to the closed algebra generated by the bounded
normal operators (£il — A)~L.

10.9 The multiplication operator form of the spec-
tral theorem.
We first state this theorem for closed commutative self-adjoint algebras of (bounded)

operators. Recall that “self-adjoint” in this context means that if 7' € B then
T ¢ B.
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Theorem 10.9.1 Let B be a commutative closed self-adjoint subalgebra of the
algebra of all bounded operators on a separable Hilbert space H. Then there
exists a measure space (M,F, p) with p(M) < oo, a unitary isomorphism

W H — Lo(M, ),

and a map

B —  bounded measurable functions on M, T +— T

such that 3
[(WTW ™) fl(m) = T(m) f(m).

In fact, M can be taken to be a finite or countable disjoint union of M =
Mspec(B)

N eZ,Uoco and } R
T(m)=T(m) if meM; =M.

In short, the theorem says that any such B is isomorphic to an algebra of
multiplication operators on an Lo space. We prove the theorem in two stages.

10.9.1 Cyclic vectors.

An element z € H is called a cyclic vector for B if Bx = H. In more mundane
terms this says that the space of linear combinations of the vectors Tz, T € B
are dense in H.

For example, if B consists of all multiples of the identity operator, then Bx
consists of all multiples of x, so B can not have a cyclic vector unless H is one
dimensional. More generally, if H is finite dimensional and B is the algebra
generated by a self-adjoint operator, then B can not have a cyclic vector if A
has a repeated eigenvalue.

Proposition 10.9.1 Suppose that x is a cyclic vector for B. Then it is a cyclic
vector for the projection valued measure P on M associated to B in the sense
that the linear combinations of the vectors P(U)x are dense in H as U ranges
over the Borel sets on M.

Proof. Suppose not. Then there exists a non-zero y € H such that
(PU)z,y) =0

for all Borel subset U of M. Then

(Tz,y) = /M Fd(P(U)z,y) = 0
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which contradicts the assumption that the linear combinations of the Tz are
dense in H. QED
Let us continue with the assumption that x is a cyclic vector for B. Let

M= Kz

wU) = (PU)z, x).

This is a finite measure on M, in fact
pM) = ||z]|*. (10.9)

We will construct a unitary isomorphism of H with Lo(M, ) starting with the
assignment
Wer=1= 1/\/(.

We would like this to be a B morphism, even a morphism for the action of
multiplication by bounded Borel functions. This forces the definition

WP(U).’E = ]-U]- = ]-U«

This then forces
WleiP(Uy)x + -+ ¢, P(Up)x] = s

for any simple function
s=cly +--cly,.-

A direct check shows that this is well defined for simple functions. We can write
this map as

W [O(s)z] = s,

and another direct check shows that
W [O(s)z] || = ||s]l2

where the norm on the right is the L, norm relative to the measure p. Since
the simple functions are dense in La(M, ) and the vectors O(s)z are dense in
H this extends to a unitary isomorphism of H onto Lo(M, ). Furthermore,

for any f € Lo(M, u). For simple functions, and therefore for all f € La(M, )
we have

W T f) = Oz =TO(f)e =TW ()

or
WIW=)f =1f

which is the assertion of the theorem. In other words we have proved the
theorem under the assumption of the existence of a cyclic vector.
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10.9.2 The general case.

Start with any non-zero vector x; and consider H; = Bx; = the closure of
linear combinations of Txy, T € B. The space H; is a closed subspace of H
which is invariant under B, i.e. TH; C H; VT € B. Therefore the space Hi-
is also invariant under B since if (z1,y) = 0 then

(x1,Ty) = (T*x1,y) =0 since T € B.

Now if H; = H we are done, since z is a cyclic vector for B acting on H;.
If not choose a non-zero xo € H, and repeat the process. We can choose a
collection of non-zero vectors z; whose linear combinations are dense in H - this
is the separability assumption. So we may choose our z; to be obtained from
orthogonal projections applied to the z;. In other words we have

H=H  &oH, ®H33%---

where this is either a finite or a countable Hilbert space (completed) direct sum.
Let us also take care to choose our z,, so that

> llzall® < 00

which we can do, since ¢,x, is just as good as x,, for any ¢, # 0. We have a
unitary isomorphism of H,, with Lo(M, u,,) where p, (U) = (P(U)zp,xy,). In
particular,

pin (M) = ||z,

So if we take M to be the disjoint union of copies M,, of M each with measure
W then the total measure of M is finite and

LQ(M) = @LQ(MruMn)

where this is either a finite direct sum or a (Hilbert space completion of) a
countable direct sum. Thus the theorem for the cyclic case implies the theorem
for the general case. QED

10.9.3 The spectral theorem for unbounded self-adjoint
operators, multiplication operator form.

We now let A be a (possibly unbounded) self-adjoint operator, and we apply the
previous theorem to the algebra generated by the bounded operators (d=il—A)~*
which are the adjoints of one another. Observe that there is no non-zero vector
y € H such that

(A+il)ty=o0.

Indeed if such a y € H existed, we would have

0= (x,(A+il)"'y) = ((A—il) " o,y) = —((il — A)'a,y) VoeH
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and we know that the image of (il — A)~! is D(A) which is dense in H.

Now consider the function ((A +4/)~*)~ on M given by Theorem 10.9.1. It
can not vanish on any set of positive measure, since any function supported on
such a set would be in the kernel of the operator consisting of multiplication by

(A+iD)=)"
Thus the function
A= [((A+in™) ) =i

is finite almost everywhere on M relative to the measure p although it might
(and generally will) be unbounded. Our plan is to show that under the unitary
isomorphism W the operator A goes over into multiplication by A.

First we show

Proposition 10.9.2 = € D(A) if and only if AWz € Ly(M, 11).

Proof. Suppose x € D(A). Then z = (A +4iI)~ 'y for some y € H and so
Wz = ((A+i)"")f, f=Wy.

But ~
A((A+i)™)y " =1—1ih

where
h=((A+i)™ ")~

is a bounded function. Thus AWz € Ly(M, p).
Conversely, if AWz € Ly(M, ), then (A+il)Wz € Ly(M, p), which means
that there is a y € H such that Wy = (A + i«I)Wz. Therefore

(A+4il) ™) (A+i )Wz = Wa

and hence
x=(A+il)"'y € D(A).

QED
Proposition 10.9.3 If h € W(D(A)) then Ah = WAW ~'h.

Proof. Let z = W~'h which we know belongs to D(A) so we may write
x = (A+il)~ 'y for some y € H, and hence

Az =y—iz and Wy = [((A+il)"")"] “h
So

WAxr = Wy—iWx
[((A+in™) ] h—ih
Ah  QED
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The function A must be real valued almost everywhere since if its imaginary
part were positive (or negative) on a set U of positive measure, then (Aly, 17)s
would have non-zero imaginary part contradicting the fact that multiplication
by A is a self adjoint operator, being unitarily equivalent to the self adjoint
operator A.

Putting all this together we get

Theorem 10.9.2 Let A be a self adjoint operator on a separable Hilbert space
H. Then there exists a finite measure space (M, u), a unitary isomorphism
W : H — Lo(M,u) and a real valued measurable function A which is finite
almost everywhere such that x € D(A) if and only if AWz € Ly(M, ) and if
h € W(D(A)) then Ah =W AW ~'h.

10.9.4 The functional calculus.

Let f be any bounded Borel function defined on R. Then
fo A

is a bounded function defined on M. Multiplication by this function is a bounded
operator on Ly (M, 1) and hence corresponds to a bounded self-adjoint operator
on H. With a slight abuse of language we might denote this operator by O( f ofl).
However we will use the more suggestive notation

f(A).

The map
[ f(4)

e is an algebraic homomorphism,

e || f(A)| € Ifllsc where the norm on the left is the uniform operator norm
and the norm on the right is the sup norm on R

o if Az = Az then f(A)x = f(N\)z,
e if f >0 then f(A) > 0 in the operator sense,

e if f,, — f pointwise and if || f,, || is bounded, then f, (A) — f(A) strongly,
and

e if f,, is a sequence of Borel functions on the line such that |f,(\)| < ||
for all n and for all A € R, and if f,,(A) — A for each fixed A € R then for
each z € D(A)

frn(A)z — Ax.
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All of the above statements are obvious except perhaps for the last two which
follow from the dominated convergence theorem. It is also clear from the pre-
ceding discussion that the map f — f(A) is uniquely determined by the above
properties.

itA

Multiplication by the function e**# is a unitary operator on Lo(M, p) and

eisAeitA _ 6i(s+t)A.
Hence from the above we conclude

Theorem 10.9.3 [Half of Stone’s theorem.] For an self adjoint operator A
the operator e’ given by the functional calculus as above is a unitary operator

and
t i eitA
18 a one parameter group of unitary transformations.

The full Stone’s theorem asserts that any unitary one parameter groups is
of this form. We will discuss this later.

10.9.5 Resolutions of the identity.

For each measurable subset X of the real line we can consider its indicator
function 1x and hence 1x(A) which we shall denote by P(X). In other words

P(X) = 1x(A).

It follows from the above that

P(X)* = P(X)
P(X)P(Y) = P(XNY)
P(XUY) = PX)+P(Y) if XNY =0
N
P(X) = s—limZP(Xi) if X;NX; =0ifi#; andX:UXi
1
Py = 0
PR) =

For each x,y € H we have the complex valued measure
P y(X) = (P(X)z,y)

and for any bounded Borel function f we have

(F(A)r.) = /R F(NdP,,.
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If g is an unbounded (complex valued) Borel function on R we define D(g(A))
to consist of those x € H for which

/ lg(N)[2dP, . < .
R

The set of such z is dense in H and we define g(A) on D(A) by

(9(A)z,y) = / 9(\dP,,,

R

for z,y € D(g(A)) (and the Riesz representation theorem). This is written
symbolically as

In the special case g(A) = A we write

A :/ AdP.
R

this is the spectral theorem for self adjoint operators.
In the older literature one often sees the notation

E\ = P(—00,\).

A translation of the properties of P into properties of E is

EY = E\ (10.10)
Ei = E, (10.11)
A< uwo = .E)\_E'u = F) (1012)
An —00 = E) — 0 strongly (10.13)
An — +00 = E, — [ strongly (10.14)
A AN = E,— E), strongly. (10.15)
One then writes the spectral theorem as
A :/ AE). (10.16)

We shall now give an alternative proof of this formula which does not depend
on either the Gelfand representation theorem or any of the limit theorems of
Lebesgue integration. Instead, it depends on the Riesz-Dunford extension of the
Cauchy theory of integration of holomorphic functions along curves to operator
valued holomorphic functions.
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10.10 The Riesz-Dunford calculus.

Suppose that we have a continuous map z — S, defined on some open set
of complex numbers, where S, is a bounded operator on some fixed Banach
space and by continuity, we mean continuity relative to the uniform metric on
operators. If C is a continuous piecewise differentiable (or more generally any
rectifiable) curve lying in this open set, and if ¢ — z(t) is a piecewise smooth (or
rectifiable) parametrization of this curve, then the map ¢ ~— S is continuous.

For any partition 0 =ty < t¢; < --- <t, =1 of the unit interval we can form
the Cauchy approximating sum

Y S () = 2(tim),
=1

and the usual proof of the existence of the Riemann integral shows that this
tends to a limit as the mesh becomes more and more refined and the mesh
distance tends to zero. The limit is denoted by

/ S.dz
c

and this notation is justifies because the change of variables formula for an
ordinary integral shows that this value does not depend on the parametrization,
but only on the orientation of the curve C.

We are going to apply this to S, = R, the resolvent of an operator, and
the main equations we shall use are the resolvent equation (10.7) and the power
series for the resolvent (10.8) which we repeat here:

R.—R,=(w-2R,Ry

and
Ry=R.(I+(z—w)R, + (2 —w)*R:+---).

We proved that the resolvent of a self-adjoint operator exists for all non-real
values of z.
But a lot of the theory goes over for the resolvent

R.=R(z,T)= (21 -T)!

where T is an arbitrary operator on a Banach space, so long as we restrict
ourselves to the resolvent set, i.e. the set where the resolvent exists as a bounded
operator. So, following Lorch Spectral Theory we first develop some facts about
integrating the resolvent in the more general Banach space setting (where our
principal application will be to the case where T is a bounded operator).

For example, suppose that C' is a simple closed curve contained in the disk
of convergence about z of (10.8) i.e. of the above power series for R,,. Then we
can integrate the series term by term. But

/C(z —w)"dw =0
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for all n # —1 so

/ R,dw = 0.
e}

By the usual method of breaking any any deformation up into a succession of
small deformations and then breaking any small deformation up into a sequence
of small “rectangles” we conclude

Theorem 10.10.1 If two curves Cy and Cy lie in the resolvent set and are
homotopic by a family Cy of curves lying entirely in the resolvent set then

R.dz = R.dz.
Co Cy

Here are some immediate consequences of this elementary result.
Suppose that T is a bounded operator and |z| > ||T||. Then

(2 —T) =Y I -2 ') =2 Y T4 27T 4 27272 4 )

exists because the series in parentheses converges in the uniform metric. In
other words, all points in the complex plane outside the disk of radius ||| lie
in the resolvent set of T. From this it follows that the spectrum of any bounded
operator can not be empty (if the Banach space is not {0}). (Recall the the
spectrum is the complement of the resolvent set.) Indeed, if the resolvent set
were the whole plane, then the circle of radius zero about the origin would be
homotopic to a circle of radius > ||T|| via a homotopy lying entirely in the
resolvent set. Integrating R, around the circle of radius zero gives 0. We can
integrate around a large circle using the above power series. In performing
this integration, all terms vanish except the first which give 27il by the usual
Cauchy integral (or by direct computation). Thus 27/ = 0 which is impossible
in a non-zero vector space.

Here is another very important (and easy) consequence of the preceding
theorem:

Theorem 10.10.2 Let C' be a simple closed rectifiable curve lying entirely in
the resolvent set of T'. Then

1
P:=— [ R.dz (10.17)
C

©2mi
s a projection which commutes with T, i.e.

P =P and PT=TP.

Proof. Choose a simple closed curve C’ disjoint from C' but sufficiently close
to C' so as to be homotopic to C via a homotopy lying in the resolvent set. Thus

1
P= b Rw dw
211 c’
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and so

(2771')2]32:/ dez/ Rwdw:// (Ry — R.)(z — w) tdwdz
C ! C /

where we have used the resolvent equation (10.7). We write this last expression
as a sum of two terms,

/Rw/ 1 dzdwf/Rz/ 1 dwdz.
’ crR—Ww C cre—w

Suppose that we choose C’ to lie entirely inside C. Then the first expression
above is just (2mi) fC, R, dw while the second expression vanishes, all by the
elementary Cauchy integral of 1/(z — w). Thus we get

(2mi)? P? = (27i)%P

or P2 = P. This proves that P is a projection. It commutes with 7" because it
is an integral whose integrand R, commutes with 7" for all z. QED
The same argument proves

Theorem 10.10.3 Let C' and C" be simple closed curves each lying in the re-
solvent set, and let P and P’ be the corresponding projections given by (10.17).
Then PP’ = 0 if the curves lie exterior to one another while PP’ = P’ if C' is
interior to C.

Let us write
B':=PB, B'"=({I-P)B

for the images of the projections P and I — P where P is given by (10.17). Each
of these spaces is invariant under 7" and hence under R, because PT = TP and
hence PR, = R, P.

For any transformation S commuting with P let us write
S :=PS=SP=PSP and S"=(I-P)S=S(UI—-P)=(-P)S(I-P)

so that S’ and S’ are the restrictions of S to B’ and B” respectively.

For example, we may consider R, = PR, = R,P. For 2/ € B’ we have
R (21 —T")a’ = R,P(2I —TP)x' = R,(2I — T)Pz' = 2’. In other words R, is
the resolvent of 77 (on B’) and similarly for R”. So if z is in the resolvent set
for T it is in the resolvent set for 77 and T".

Conversely, suppose that z is in the resolvent set for both 7" and T”. Then
there exists an inverse A; for zI’ — T’ on B’ and an inverse A5 for zI" —T" on
B" and so A; @ As is the inverse of zI — T on B = B’ ¢ B".

So a point belongs to the resolvent set of T if and only if it belongs to the
resolvent set of 77 and of T". Since the spectrum is the complement of the
resolvent set, we can say that a point belongs to the spectrum of 7" if and only
if it belongs either to the spectrum of T or of T":

Spec(T) = Spec(T") U Spec(T").
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We now show that this decomposition is in fact the decomposition of Spec(T’)
into those points which lie inside C' and outside C'.

So we must show that if z lies exterior to C' then it lies in the resolvent set
of T'. This will certainly be true if we can find a transformation A on B which
commutes with 7" and such that

A(zI -T)=P (10.18)
for then A’ will be the resolvent at z of 7". Now
(z2I =T)Ry = (wI —T)Ry+ (z —w)Ry =1+ (z — w)Ry

SO

1 1
(zIfT)~—,/Rw' dw =
2 Jo Z—w
1

1 1
= — dw-I—l——,/Rwdw:O—&—P:P.
2wt Jo

2 Joz—w

‘We have thus proved

Theorem 10.10.4 Let T be a bounded linear transformation on a Banach space
and C a simple closed curve lying in its resolvent set. Let P be the projection
given by (10.17) and

B:B/@BN, T:T/@TH

the corresponding decomposition of B and of T. Then Spec(T") consists of those
points of Spec(T) which lie inside C and Spec(T") consists of those points of
Spec(T') which lie exterior to C.

We now begin to have a better understanding of Stone’s formula: Suppose A
is a self-adjoint operator. We know that its spectrum lies on the real axis. If
we draw a rectangle whose upper and lower sides are parallel to the axis, and
if its vertical sides do not intersect Spec(A), we would get a projection onto a
subspace M of our Hilbert space which is invariant under A, and such that the
spectrum of A when restricted to M lies in the interval cut out on the real axis
by our rectangle. The problem is how to make sense of this procedure when the
vertical edges of the rectangle might cut through the spectrum, in which case
the integral (10.17) might not even be defined. This is resolved by the method
of Lorch (the exposition is taken from his book) which we explain in the next
section.

10.11 Lorch’s proof of the spectral theorem.

10.11.1 Positive operators.

Recall that if A is a bounded self-adjoint operator on a Hilbert space H then we
write A > 0 if (Az,z) > 0 for all x € H and (by a slight abuse of language) call
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such an operator positive. Clearly the sum of two positive operators is positive
as is the multiple of a positive operator by a non-negative number. Also we
write Ay > As for two self adjoint operators if A; — Ay is positive.

Proposition 10.11.1 If A is a bounded self-adjoint operator and A > I then
A1 ezists and
A7 < 1.

Proof. We have
[Az|| ||zl > (Az,2) > (z,2) = ||«
SO
|Az| > ||z|| V€ H.

So A is injective, and hence A~! is defined on im A and is bounded by 1 there.
We must show that this image is all of H.
If y is orthogonal to im A we have

(x,Ay) = (Az,y) =0 Yoz e€ H

so Ay =0 so (y,y) < (Ay,y) = 0 and hence y = 0. Thus im A is dense in H.
Suppose that Ax,, — z. Then the z,, form a Cauchy sequence by the estimate
above on ||[A7!|| and so x, — x and the continuity of A implies that Az = 2.
QED
Suppose that A > 0. Then for any A > 0 we have A+ Al > AI, and by the
proposition (A 4+ A\I)~! exists, i.e. —\ belongs to the resolvent set of A. So we
have proved.

Proposition 10.11.2 If A > 0 then Spec(A) C [0,00).
Theorem 10.11.1 If A is a self-adjoint transformation then
4] <1 & —-I<ALI. (10.19)

Proof. Suppose ||A|| < 1. Then using Cauchy-Schwarz and then the definition
of | Al we get

(I = Alz,2) = (z,2) — (Az,2) 2 ||z]|* — || Az [|lz]| > [l«]* - [Alllz]* > 0
so (I — A) > 0 and applied to —A gives [+ A>0or -1 < A< I.
Conversely, suppose that —1 < A < I. Since I — A > 0 we know that
Spec(A) C (—o0, 1] and since I + A > 0 we have Spec(4) C (—1,00]. So
Spec(A) C [-1,1]

so that the spectral radius of A is < 1. But for self adjoint operators we have
| A% = ||A||?* and hence the formula for the spectral radius gives ||A|| < 1. QED
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An immediate corollary of the theorem is the following: Suppose that p is a
real number. Then ||A — pl|| < € is equivalent to (u—e)I < A < (up+¢€)l. So
one way of interpreting the spectral theorem

A :/ AE)

is to say that for any doubly infinite sequence

KA <A1 < A <A < A<

with A_,, — —oo and A,, — oo there is a corresponding Hilbert space direct
sum decomposition
H =) H,

invariant under A and such that the restriction of A to H; satisfies

If p; = %()\l + Ai11) then another way of writing the preceding inequality is
1
A g, — il < 5()\i+1 - Xi)-

10.11.2 The point spectrum.

We now let A denote an arbitrary (not necessarily bounded) self adjoint trans-
formation. We say that A belongs to the point spectrum of A if there exists
an € D(A) such that  # 0 and Az = Az. In other words if X is an eigen-
value of A. Notice that eigenvectors corresponding to distinct eigenvalues are
orthogonal: if Az = Az and Ay = uy then

)‘(‘T7y) = ()\$,y) = (A.’E,y) = (x,Ay) = (»”Ua/ﬂ/) = u(m,y)

implying that (x,y) =0 if X # p.

Also, the fact that a self-adjoint operator is closed implies that the space of
eigenvectors corresponding to a fixed eigenvalue is a closed subspace of H. We
let N, denote the space of eigenvectors corresponding to an eigenvalue .

We say that A has pure point spectrum if its eigenvectors span H, in

other words if
=@,

where the \; range over the set of eigenvalues of A. Suppose that this is the

case. Then let
My = EB N,

<A
where this denotes the Hilbert space direct sum, i.e. the closure of the algebraic
direct sum. Let E) denote projection onto M. Then it is immediate that the
E satisfy (10.10)-(10.15) and that (10.16) holds with the interpretation given
in the preceding section. We thus have a proof of the spectral theorem for
operators with pure point spectrum.
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10.11.3 Partition into pure types.

Now consider a general self-adjoint operator A, and let

H, ::@N,\

(Hilbert space direct sum) and set

Hy := H.
The space Hy and hence the space Hs are invariant under A in the sense that
A maps D(A) N H; to Hy and similarly for Hs.

We let P denote orthogonal projection onto H; so I — P is orthogonal pro-
jection onto Hy. We claim that

P[D(A)] = D(A)NH, and (I — P)[D(A)] = D(A) N Hy.  (10.20)

Suppose that z € D(A). We must show that Px € D(A) for then z = Pz +
(I — P)x is a decomposition of every element of D(A) into a sum of elements of
D(A)N Hy and D(A) N Ho.

By definition, we can find an orthonormal basis of H; consisting of eigen-
vectors u; of A, and then

Px = Zaiui a; = (T, u;).

The sum on the right is (in general) infinite. Let y denote any finite partial
sum. Since eigenvectors belong to D(A) we know that y € D(A). We have

(Alz —y], Ay) — ([x — y], A%y) = 0

since x — y is orthogonal to all the eigenvectors occurring in the expression for
y. We thus have

| Az[* = || A(z — y)[I* + || Ay]|?
From this we see (as we let the number of terms in y increase) that both y
converges to Pz and the Ay converge. Hence Px € D(A) proving (10.20).

Let A; denote the operator A restricted to P[D(A)] = D(A) N Hy with
similar notation for As. We claim that A; is self adjoint (as is Ag). Clearly
D(A;) :== P(D(A)) is dense in Hy, for if there were a vector y € H; orthogonal
to D(A;) it would be orthogonal to D(A) in H which is impossible. Similarly
D(As) := D(A) N Hy is dense in Hs.

Now suppose that y; and z; are elements of H; such that

(Alxlvyl) = (1‘1,21) YV € D(Al)

Since Ajz1 = Azy and 1 = © — xo for some & € D(A), and since y; and z; are
orthogonal to x5, we can write the above equation as

(Az,y1) = (z,21) Vz € D(A)

which implies that y; € D(A) N Hy; = D(A;) and A1y1 = Ayp = 21.
In other words, A; is self-adjoint. Similarly, so is As. We have thus proved
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Theorem 10.11.2 Let A be a self-adjoint transformation on a Hilbert space
H. Then
H=H, ®H,

with self-adjoint transformations A1 on Hy having pure point spectrum and As
on Hy having no point spectrum such that

D(A) = D(A1) ® D(Asz)

and
A=A D A,.

We have proved the spectral theorem for a self adjoint operator with pure point
spectrum. Our proof of the full spectral theorem will be complete once we prove
it for operators with no point spectrum.

10.11.4 Completion of the proof.

In this subsection we will assume that A is a self-adjoint operator with no point
spectrum, i.e. no eigenvalues.

Let A < p be real numbers and let C' be a closed piecewise smooth curve in
the complex plane which is symmetrical about the real axis and cuts the real
axis at non-zero angle at the two points A and g (only). Let m > 0 and n > 0
be positive integers, and let

Ky, (m,n) = L (z=XN)"(z - p)"R.dz. (10.21)
2wt Jo
In fact, we would like to be able to consider the above integral when m = n = 0,
in which case it should give us a projection onto a subspace where A\I < A < ul.
But unfortunately if A or u belong to Spec(A) the above integral need not
converge with m = n = 0. However we do know that [|R.| < (Jim z|)~!
so that the blow up in the integrand at A and p is killed by (z — A)™ and
(u — 2z)™ since the curve makes non-zero angle with the real axis. Since the
curve is symmetric about the real axis, the (bounded) operator Ky, (m,n) is
self-adjoint. Furthermore, modifying the curve C to a curve C’ lying inside C,
again intersecting the real axis only at the points A and g and having these
intersections at non-zero angles does not change the value: Ky, (m,n).
We will now prove a succession of facts about Ky, (m,n):

Kyu(m,n) - Ky, (m/,n') = Kxu,(m+m/,n+n'). (10.22)

Proof. Calculate the product using a curve C” for K, (m',n’) as indicated
above. Then use the functional equation for the resolvent and Cauchy’s in-
tegral formula exactly as in the proof of Theorem 10.10.2: (27%)?Ky,(m,n) -
Ky, (m/,n') =

1
[Ry — R.]dzdw
z—w

/C/,(Z SN (= 2)™ (1w — N)™ (4 — w)™
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which we write as a sum of two integrals, the first giving (27i)2 Ky, (m+m’, n+
n') and the second giving zero. QED
A similar argument (similar to the proof of Theorem 10.10.3) shows that

Kxu(m,n) - Ky (m/,n') =0 if (A, p) N (N, p) = 0. (10.23)

Proposition 10.11.3 There exists a bounded self-adjoint operator Ly,(m,n)
such that
L)\M(m,n)2 = Kyu(m,n).

Proof. The function z — (z — A\)™/2(u — 2)"/? is defined and holomorphic on
the complex plane with the closed intervals (—oo, A] and [, 00) removed. The
integral

1
Lyu(m,n) = By /C(Z — N2 — 2)"?R.dz

is well defined since, if o = 1 or n = 1 the singularity is of the form [im z|~2
at worst which is integrable. Then the proof of (10.22) applies to prove the
proposition. QED

For each complex z we know that R,z € D(A). Hence

(A= MR,z =(A—zDR,x+ (z — MR,z =z + (2 — M) R,z.

By writing the integral defining K, (m,n) as a limit of approximating sums,
we see that (A— M) Ky, (m,n) is defined and that it is given by the sum of two
integrals, the first of which vanishes and the second gives K, (m + 1,n).

We have thus shown that Ky, (m,n) maps H into D(A) and

(A= M)Ky,(m,n) = Kx,(m+1,n). (10.24)
Similarly
(I — A) Ky (m,n) = Ky, (m,n+1). (10.25)
We also have
ANz, z) < (Az,z) < p(z,z) for z € im Ky,(m,n). (10.26)

Proof. We have

([A - )‘I]K)\,u (m7 n)ya K)\;t(ma n)y)

= (Kyu(m+1,n)y, Ky.(m,n)y)

= (Ku(m,n)Ky,(m+1,n)y,y)

= (Kxu(2m+1,2n)y,y)

= (Lxa,(2m+ 1,2n)2y7y)

= (Lap(2m+1,2n)y, Ly, (2m +1,2n)y) > 0.
= A> Xl onim K),,(m,n).
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A similar argument shows that A < pl there. QED
Thus if we define M}, (m,n) to be the closure of im Ky, (m,n) we see that
A is bounded when restricted to My, (m,n) and

A <A<l

there.

We let Ny, (m,n) denote the kernel of Ky, (m,n) so that M,(m,n) and
Nyu(m,n) are the orthogonal complements of one another.

So far we have not made use of the assumption that A has no point spectrum.
Here is where we will use this assumption: Since

(A= M) Ky, (m,n) = Kx,(m+1,n)

we see that if K, (m+1,n)z = 0 we must have (A — AI)Ky,(m,n)z = 0 which,
by our assumption implies that Ky,(m,n)z = 0. In other words,

Proposition 10.11.4 The space Nx,(m,n), and hence its orthogonal com-
plement My, (m,n) is independent of m and n.

We will denote the common space M), (m,n) by My,. We have proved that A
is a bounded operator when restricted to M), and satisfies

M <A< pul on My,

there.
‘We now claim that

IfA<v<p then My, =My, &M, (10.27)

Proof. Let C), denote the rectangle of height one parallel to the real axis
and cutting the real axis at the points A and p. Use similar notation to define
the rectangles C), and C,,. Consider the integrand

S, =(z-XN(z—-—uz-v)R,

and let )
Ty, = — S.dz
271 CAM

with similar notation for the integrals over the other two rectangles of the same
integrand. Then clearly

Ty, =Ta, + Ty and Ty, - T, = 0. (10.28)
Also, writing 2I — A = (z —v)I + (vI — A) we see that
(VI — A)K)\V<1, 1) = T)\M

Since A has no point spectrum, the closure of the image of T}, is the same as
the closure of the image of K, (1,1), namely My,. The proposition now follows
from (10.28).
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If we now have a doubly infinite sequence as in our reformulation of the
spectral theorem, and we set M; := M), ,,, we have proved the spectral theorem
(in the no point spectrum case - and hence in the general case) if we show that

@Mi:H.

In view of (10.27) it is enough to prove that the closure of the limit of M_,, is
all of H as r — oo, or, what amounts to the same thing, if y is perpendicular
to all K_,..(1,1)x then y must be zero. Now

(K,,«T(L 1)3373/) = (vafrr(lv 1)y)

so we must show that if K_,,.y =0 for all r then y = 0. Now

1 1
K_ .. =— / (z+7)(r—2)R.dz = ~5 (2 —r*)R,
c

211 T

where we may take C' to be the circle of radius r centered at the origin. We also

have ) )
1 _
1=— / r-z dz.
2mir? Jo o oz
1

=53 /C(r2 — 29[z — R.]dz - y.

Now (2 — A)R, =Iso —AR, =1—-zR, or

So

Y

' 1-R,=-2""AR,
so (pulling the A out from under the integral sign) we can write the above

equation as

1
y = Ag, where g, = —— / (r? — 2327 'R.dz - y.
2mir? Jo

Now on C we have z = re?? so 22 = r2e%"¥ = r2(cos 20 + isin 26) and hence

22 — 12 = 1r%(cos 20 — 1 + isin 20) = 2r?(—sin? @ + isin f cos 0).
Now ||R.|| < |rsinf|~! so we see that
(2% = r*)R.|| < 4r.
Since |z7!| = r~! on C, we can bound ||g,|| by
lge| < 2mr?) =100 dr - 2mr |yl = 477yl — 0

as r — o0o. Since y = Ag, and A is closed (being self-adjoint) we conclude that
y = 0. This concludes Lorch’s proof of the spectral theorem.
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10.12 Characterizing operators with purely con-
tinuous spectrum.

Suppose that A is a self-adjoint operator with only continuous spectrum. Let
EM = P((_OOaM»
be its spectral resolution. For any v € H the function

= (E;ﬂ/)7 1/))

is continuous. It is also a monotone increasing function of . For any € > 0 we
can find a sufficiently negative a such that |(E,, )| < €/2 and a sufficiently
large b such that ||| — (Ent, 1) < €/2. On the compact interval [a, b] any con-
tinuous function is uniformly continuous. Therefore the function p — (E,9, )
is uniformly continuous on R.

Now let ¢ and ¢ be elements of H and consider the product measure

d(Exg, ¢)d(Eyuih, ¥)
on the plane R?, the X, i plane.

Lemma 10.12.1 The diagonal line A = p has measure zero relative to the
above product measure.

Proof. We may assume that ¢ # 0. For any € > 0 we can find a § > 0 such
that

(Epssth, ) — By sth, ) < W

for all u € R. So

A5
/ d(Exé, ) / d(E,,0) < c.
R A—4

This says that the measure of the band of width ¢ about the diagonal has
measure less that e. Letting ¢ shrink to 0 shows that the diagonal line has
measure zero. [

We can restate this lemma more abstractly as follows: Consider the Hilbert
space H&H (the completion of the tensor product H ® H). The E) and E,
determine a projection valued measure @ on the plane with values in H®H.
The spectral measure associated with the operator A® I — I ® A is then F, :=
QA )| A —p < p}). So an abstract way of formulating the lemma is

Proposition 10.12.1 A has only continuous spectrum if and only if 0 is not
an eigenvalue of AQT —I® A on HOH,
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10.13 Appendix. The closed graph theorem.

Lurking in the background of our entire discussion is the closed graph theorem
which says that if a closed linear transformation from one Banach space to
another is everywhere defined, it is in fact bounded. We did not actually use
this theorem, but its statement and proof by Banach greatly clarified the notion
of a what an unbounded self-adjoint operator is, and explained the Hellinger
Toeplitz theorem as I mentioned earlier. So here I will give the standard proof
of this theorem (essentially a Baire category style argument) taken from Loomis.
In what follows X and Y will denote Banach spaces,

B, :=B,(X) ={z € X; |z|| < n}
denotes the ball of radius n about the origin in X and

U-=B.(Y)={yeY: [yl <r}
the ball of radius r about the origin in Y.

Lemma 10.13.1 Let
T:X-—->Y

be a bounded (everywhere defined) linear transformation. If T[B1]NU, is dense
in U, then
U, C T[Bl]

Proof. The set T[B4] is closed, so it will be enough to show that
Ur—s) C T[B1]

for any 6 > 0, or, what is the same thing, that

1

So fix 6 > 0. Let z € U,. Set yy := 0, and choose y; € T[B;] N U, such
that ||z — y1]| < dr. Since 6 (T[B1] NU,.) is dense in 6U, we can find ys — y; €
§ (T[B1] N U,) within distance 6%r of z — y; which implies that ||ys — 2| < §2r.
Proceeding inductively we find a sequence {y, € Y such that

Yn+1 — Yn S o (T[Bl] N Ur)

and
[Ynt1 — z[l, 6"+

We can thus find z,, € X such that

T(xn+1 =Yn+1 — Yn and Hxn+1H <"

If -
T = an
1

then ||z]| < 1/(1 —9) and Tz = z. QED
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Lemma 10.13.2 IfT[B;] is dense in no ball of positive radius in' Y, then T|[X]
contains no ball of positive radius in Y .

Proof. Under the hypotheses of the lemma, T[B,,] is also dense in no ball of
positive radius of Y. So given any ball U C Y, we can find a (closed) ball
Uy, 4 of radius ry about y; such that U,, ,, C U and is disjoint from T'[B;].
By induction, we can find a nested sequence of balls U, ,, C U, _,y._, such
that U, 4, is disjoint form T'[B,] and can also arrange that r, — 0. Choosing
a point in each of these balls we get a Cauchy sequence which converges to a
point y € U which lies in none of the T[B,], i.e. y inT[X]. So u ¢ T[X]. QED

Theorem 10.13.1 [The bounded inverse theorem.] If T : X — Y is
bounded and bijective, then T~ is bounded.

Proof. By Lemma 10.13.2, T[B;] is dense in some ball U, ,, and hence
T[Bi1+ By] =T[B1 — By]

is dense in a ball of radius r about the origin. Since By + By C By so T[Bs|NU,.
is dense in U,. By Lemma 10.13.1, this implies that

T[Bg] o U,
i.e. that
T7'U,] C By
which says that
_ 2
1T < =
r

QED

Theorem 10.13.2 If T : X — Y s defined on all of X and is such that
graph(T) is a closed subspace of X @Y, then T is bounded.

Proof. Let ' C X @Y denote the graph of T. By assumption, it is a closed
subspace of the Banach space X @Y under the norm ||{z,y}| = ||z| + ||y||. So
I" is a Banach space and the projection

r—-X, {z,y}r—x

is bijective by the definition of a graph, and has norm < 1. So its inverse is
bounded. Similarly the projection onto the second factor is bounded. So the
composite map

X-Y z—{z,yt—y=Tx

is bounded. QED
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Chapter 11

Stone’s theorem

Recall that if A is a self-adjoint operator on a Hilbert space H we can form the
one parameter group of unitary operators

Ut) = et At

by virtue of a functional calculus which allows us to construct f(A) for any
bounded Borel function defined on R (if we use our first proof of the spectral
theorem using the Gelfand representation theorem) or for any function holomor-
phic on Spec(A) if we use our second proof. In any event, the spectral theorem
allows us to write -
U(t) = / "™ dE),
and to verify that
U)=1I, U(s+t)=U(s)U(t)

and that U depends continuously on ¢. We called this assertion the first half of
Stone’s theorem. The second half (to be stated more precisely below) asserts
the converse: that any one parameter group of unitary transformations can be
written in either, hence both, of the above forms.
The idea that we will follow hinges on the following elementary computation
/oo e(feriw)tdt _ e(*z+w)t
0

oo

= 1_ ifRez>0

Z — 1T

—z+ix

t=0

valid for any real number z. If we substitute A for z and write U(t) instead of
e*At this suggests that

o0
R(z,iA) = (21 —iA)™! = / e U (t)dt if Re z > 0.
0
Since A is self-adjoint, its spectrum is real. So the spectrum of iA4 is purely
imaginary, and hence any z not on the imaginary axis is in the resolvent set of

iA. The above formula gives us an expression for the resolvent in terms of U (t)

291
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for z lying in the right half plane. We can obtain a similar formula for the left
half plane.

Our previous studies encourage us to believe that once we have found all
these putative resolvents, it should not be so hard to reconstruct A and then
the one-parameter group U(t) = €'t

This program works! But because of some of the subtleties involved in the
definition of a self-adjoint operator, we will begin with an important theorem
of von-Neumann which we will need, and which will also greatly clarify exactly
what it means to be self-adjoint.

A second matter which will lengthen these proceedings is that while we are at
it, we will prove a more general version of Stone’s theorem valid in an arbitrary
Frechet space F and for “uniformly bounded semigroups” rather than unitary
groups. Stone proved his theorem to meet the needs of quantum mechanics,
where a unitary one parameter group corresponds, via Wigner’s theorem to
a one parameter group of symmetries of the logic of quantum mechanics. In
more pedestrian terms, unitary one parameter groups arise from solutions of
Schrodinger’s equation. But many other important equations, for example the
heat equations in various settings, require the more general result.

The treatment here will essentially follow that of Yosida, Functional Analysis
especially Chapter IX, Nelson, Topics in dynamics I: Flows, and Reed and
Simon Methods of Mathematical Physics, I1I. Fourier Analysis, Self-Adjointness.

11.1 von Neumann’s Cayley transform.

The group GI(2, C) of all invertible complex two by two matrices acts as “frac-
tional linear transformations” on the plane: the matrix

a b sends Z’_)az—l—b
c d cz+d’

Two different matrices M; and Ms give the same fractional linear transformation
if and only if My = AM; for some (non-zero complex) number \ as is clear from

the definition. Since
L=\ (i i\ _, (10
1 i )\=1 1)~ *\o 1)

. . . . 1 —i i
the fractional linear transformations corresponding to (1 iz) and (_Zl i)

are inverse to one another.

It is a theorem in the elementary theory of complex variables that fractional
linear transformations are the only orientation preserving transformations of
the plane which carry circles and lines into circles and lines. Even without

. . . . 1 —i .
this general theory, an immediate computation shows that ( ;) carries the

1
(extended) real axis onto the unit circle, and hence its inverse carries the unit
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circle onto the extended real axis. (“Extended” means with the point co added.)
Indeed in the expression

r—1

ozt
when z is real, the numerator is the complex conjugate of the denominator and
hence |z| = 1. Under this transformation, the cardinal points 0,1,00 of the

extended real axis are mapped as follows:
0— -1, 1— —i, and oo 1.

We might think of (multiplication by) a real number as a self-adjoint trans-
formation on a one dimensional Hilbert space, and (multiplication by) a number
of absolute value one as a unitary operator on a one dimensional Hilbert space.
This suggests in general that if A is a self adjoint operator, then

(A—il)(A+il)™*

should be unitary. In fact, we can be much more precise. First some definitions:
An operator U, possibly defined only on a subspace of a Hilbert space H is
called isometric if
[Uz]| = |||

for all x in its domain of definition.
Recall that in order to define the adjoint 7% of an operator T it is necessary
that its domain D(T') be dense in H. Otherwise the equation

(Tz,y) = (z,T*y) Va € D(T)

does not determine T*y. A transformation T' (in a Hilbert space H) is called
symmetric if D(T) is dense in H so that 7™ is defined and

D(T)c D(T*) and Te =Tz Y x € D(T).

Another way of saying the same thing is 7" is symmetric if D(7T) is dense
and
(Tz,y) = (2, Ty) Va,ye D(T).

A self-adjoint transformation is symmetric since D(T') = D(T*) is one of the
requirements of being self-adjoint. Exactly how and why a symmetric operator
can fail to be self-adjoint will be clarified in the ensuing discussion. All of the
results of this section are due to von Neumann.

Theorem 11.1.1 Let T be a closed symmetric operator. Then (T + il)x = 0
implies that x = 0 for any x € D(T) so (T +4I)~! exzists as an operator on its
domain

D[(T +4I)™"'] =im(T +I).

This operator is bounded on its domain and the operator

Ur == (T —il)(T+iI)~"  with D(Ur) = D [(T +il)~"] =im(T +il)



294 CHAPTER 11. STONE’S THEOREM

is isometric and closed. The operator (I — Ur)~! exists and
T=i(Up+1)(Ur—1)""

In particular, D(T) = im(I — Ur) is dense in H.
Conversely, if U is a closed isometric operator such that im(I — U) is dense
in H then T =i(U + I)(I — U)~" is a symmetric operator with U = Ur.

Proof. For any x € D(T') we have
([T iz, [T £il|z) = (Tx,Tx) £ (Tx,iz) £ (iz, Tx) + (z, ).
The middle terms cancel because T is symmetric. Hence
T +illz))* = | Tz ] + [, (11.1)

Taking the plus sign shows that (T'+i/)z =0 = x = 0 and also shows that
[T+ il]x|| = ||z]| so

T +il) 'yl < |lyll for y € [T+I)(D(T)).
If we write x = [T +4I]~'y then (11.1) shows that
1Tyl = 1T + l|l=]|* = ||y®

so Ur is an isometry with domain consisting of all y = (T + i)z, i.e. with
domain D([T +iI]7!) = im[T + iI].

We now show that Urp is closed. So we must show that if y, — y and
zn — z where z, = Upy, then y € D(Ur) and Ury = z. The y,, form a Cauchy
sequence and y, = [T + il]z,, since y, € im(T + ¢I). From (11.1) we see that
the z,, and the Tz, form a Cauchy sequence, so x,, — = and Tz, — w which
implies that € D(T) and Tax = w since T is assumed to be closed. But then
(T+iz =w+ix =ysoy € D(Ur) and w—ix = z = Ury. So we have shown
that Ur is closed.

Subtract and add the equations

y = (T+i)x
Ury = (T —il)x to get
1
5([ —Ur)y = iz and
1

The third equation shows that
I-Ur)y=0 = 2=0=Tx=0 =T +Upr)y=0

by the fourth equation. So

y= ([~ Urly + [T+ Usly) = 0.
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Thus (I — Ur)~ ! exists, and y = (I — Ur)~1(2iz) from the third of the four
equations above, and the last equation gives

1 1
Tx = S(I+Ur)y = 5(I+Ur)(I = Ur)”'2ix

or

T =i(I+Ur)(I—Ur)™"

as required. Furthermore, every € D(T') is in im(I — Uy). This completes the
proof of the first half of the theorem.

Now suppose we start with an isometry U and suppose that (I — U)y =0
for some y € D(U). Let z € im(I — U) so z = w — Uw for some w. We have

(y,2) = (y,w) = (y,Uw) = (Uy,Uw) — (y,Uw) = (Uy — y,Uw) = 0.

Since we are assuming that im(/ — U) is dense in H, the condition (y,z) =
0V z € im(I —U) implies that y = 0. Thus (I —U)~! exists, and we may define

T=iI+U)I-U)""!

with
D(T)=D(I-U)"") =im(I -U)

dense in H. Suppose that © = (I —U)u, y = (I —U)v € D(T) =im(I —U).
Then

(T.TJ, y) = (’L(I + U)ua (I - U)’U) =1 [(U’U,, U) - (’U,7 UU)] +1 [(U, ’U) - (UU, UU)] :
The second expression in brackets vanishes since U is an isometry. So (T'z,y) =
i(Uu,v) —i(u,Uv) = (=Uu,iv) + (u,i0v) = ([I — Ulu,i[I + Uv) = (z,Ty).

This shows that T' is symmetric.
To see that Ur = U we again write = (I — U)u. We have

Tex=i(I+U)u so (T +il)x =2iu and (T —il)z = 2iUu.
Thus D(Ur) = {2iv we€ D(U)} = D(U) and
Ur(2iu) = 2i0u = U(2iu).

Thus U = Ur.

We must still show that T is a closed operator. T maps x, = (I — U)uy,
to (I + U)uy,. If both (I — U)u, and (I + U)u, converge, then u, and Uuy,
converge. The fact that U is closed implies that if v = limu,, then u € D(U) and
Uu = lim Uu,,. But this that (I —U)u, — (I —U)u and i(I +U)u, — i(I+U)u
so T is closed. QED

The map T — Ur from symmetric operators to isometries is called the
Cayley transform.
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Recall that an isometry is unitary if its domain and image are all of H.
If U is a closed isometry, then z,, € D(U) and z, — z implies that Uz, is
convergent, hence z € D(U) and Uz = limUx,. Similarly, if Uz, — y then
the z,, are Cauchy, hence convergent to an z with Uz = y. So for any closed
isometry U the spaces D(U)L and im(U)* measure how far U is from being
unitary: If they both reduce to the zero subspace then U is unitary.

For a closed symmetric operator T define

H} ={z e H|T*z = iz} and H, = {z € H|T"z = —iz}. (11.2)
The main theorem of this section is

Theorem 11.1.2 Let T be a closed symmetric operator and U = Uy its Cayley
transform. Then

H} =DU)* and Hy = (im(U))*.

Every x € D(T*) is uniquely expressible as
rT=xo+ry +a_
with g € D(T), x4 € H} and x_ € H, so
Tz =Txg+izy —iz_.
In particular, T is self adjoint if and only if U is unitary.
Proof. To say that z € D(U)* = D ((T + iI)‘l)L says that
(x,(T+il)y) =0 VY ye D).

This says that

(z,Ty) = —(z,iy) = (iz,y) Vye D).

This is precisely the assertion that x € D(T™) and T*z = iz. We can read these
equations backwards to conclude that Hf = D(U)*. Similarly, if x € im(U)+
then (z, (T —il)z) =0 Vz € D(T) implying T*2 = —ixz and conversely.

We know that D(U) and im(U) are closed subspaces of H so any w € H can
be written as the sum of an element of D(U) and an element of D(U)~. Taking
w = (T* +il)x for some x € D(T*) gives

(T* +il)x = yo +x1, yo € D(U) =im(T +il), x; € D(U)*.
We can write yo = (T + il)zo, xo € D(T) so
(T* +il)x = (T + il)xo + 1.
Since T* =T on D(T) and T*x, = izjas x1 € D(U)* we have

T*zy +ix1 = 2ix.
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So if we set

ry = il‘
Tt
we have
) = (T* +il)zy, x, € D).
SO
(T* +il)x = (T* +il)(zo + 24)
or

T(x — 29 —24) = —i(z —x0 — T4).

This implies that (z — zg — 24) € H = im(U)~*. So if we set
To=r—To— T4

we get the desired decomposition x = xg + x4 +x_.
To show that the decomposition is unique, suppose that

o +xy +2_ =0.
Applying (T* +iI) gives
0= (T+il)xo+ 2ixy.

But (T + il)xg € D(U) and ;. € D(U)* so both terms above must be zero,
so x4 = 0. Also, from the preceding theorem we know that (T + iI)xzg =0 =
zo = 0. Hence since 2o = 0 and x; = 0 we must also have z_ = 0. QED

11.1.1 An elementary example.

Take H = Ly([0, 1]) relative to the standard Lebesgue measure. Consider the

operator %% which is defined on all elements of H whose derivative, in the sense
of distributions, is again in Ls([0,1]). For any two such elements we have the

integration by parts formula

(3 55) = 2T~ 0@ + (2.7 5

(Even though in general the value at a point of an element in L, makes no sense,

if x is such that 2’ € L then % foh z(t)dt makes sense, and integration by parts
using a continuous representative for x shows that the limit of this expression
is well defined and equal to x(0) for our continuous representative.) Suppose
we take T = %% but with D(T') consisting of those elements whose derivatives
belong to Lo as above, but which in addition satisfy
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This space is dense in H = Ly but if y is any function whose derivative is in H,
we see from the integration by parts formula that

1d
(T:U,y) = (% zdty) .

In other words, using the Riesz representation theorem, we see that

14
T idt

*

defined on all y with derivatives in L. Notice that
T*eﬂ:t — :Fieﬂ:t

so in fact the spaces H% are both one dimensional.
For each complex number e of absolute value one we can find a “self adjoint
extension” Ag of T, that is an operator Ay such that

D(T) C D(Ap) C D(T™)

with D(Ag) = D(A}), Ag = A} and Ag = T on D(T). Indeed, let D(Ay) consist
of all x with derivatives in Ly and which satisfy the “boundary condition”

z(1) = e?z(0).

Let us compute A} and its domain. Since D(T') C D(Ayp), if (Agz,y) = (x, Ajy)

we must have y € D(T*) and A}y = %%y. But then the integration by parts
formula gives
ld 0N Y
(Ar,y) (2, 3 ) = o (O)yD) — 2(0)5(0).

This will vanish for all z € D(Ay) if and only if y € D(Ap). So we see that Ay
is self adjoint.

The moral is that to construct a self adjoint operator from a differential
operator which is symmetric, we may have to supplement it with appropriate
boundary conditions.

On the other hand, consider the same operator %% considered as an un-
bounded operator on Ly(R). We take as its domain the set of all elements
of z € Ly(R) whose distributional derivatives belong to L2(R) and such that
lim;_, 100 z = 0. The functions e** do not belong to Lo(R) and so our operator
is in fact self-adjoint. So the issue of whether or not we must add boundary
conditions depends on the nature of the domain where the differential operator
is to be defined. A deep analysis of this phenomenon for second order ordinary
differential equations was provided by Hermann Weyl in a paper published in
1911. It is safe to say that much of the progress in the theory of self-adjoint
operators was in no small measure influenced by a desire to understand and
generalize the results of this fundamental paper.
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11.2 Equibounded semi-groups on a Frechet space.

A Frechet space F is a vector space with a topology defined by a sequence
of semi-norms and which is complete. An important example is the Schwartz
space S. Let F be such a space. We want to consider a one parameter family of
operators T; on F defined for all £ > 0 and which satisfy the following conditions:

o TO = I
o ThoT, =Ty,
o limy .+, Tix =Ti,x Vip > 0and x € F.

e For any defining seminorm p there is a defining seminorm ¢ and a constant
K such that p(Tix) < Kq(z) for all t > 0 and all x € F.

We call such a family an equibounded continuous semigroup. We will
usually drop the adjective “continuous” and even “equibounded” since we will
not be considering any other kind of semigroup.

11.2.1 The infinitesimal generator.

4

We are going to begin by showing that every such semigroup has an “ infinites-
imal generator”, i.e. can be written in some sense as Ty = e“*. It is important
to observe that we have made a serious change of convention in that we are
dropping the i that we have used until now. With this new notation, for ex-
ample, the infinitesimal generator of a group of unitary transformations will be
a skew-adjoint operator rather than a self-adjoint operator. In quantum me-
chanics, where an “observable” is a self-adjoint operator, there is a good reason
for emphasizing the self-adjoint operators, and hence including the ¢. There
are many good reasons for deviating from the physicists’ notation, not the least
having to do with the theory of Lie algebras. I do not want to go into these
reasons now. Some will emerge from the ensuing notation. But the presence or
absence of the 7 is a cultural divide between physicists and mathematicians.
So we define the operator A as

Az = lim 1(Tt —Iz.
N0 T
That is A is the operator defined on the domain D(A) consisting of those z for
which the limit exists.
Our first task is to show that D(A) is dense in F. For this we begin as
promised with the putative resolvent

R(z) := /000 e *'Tydt (11.3)

which is defined (by the boundedness and continuity properties of T3) for all z
with Re z > 0. We begin by checking that every element of im R(z) belongs to



300 CHAPTER 11. STONE’S THEOREM
D(A): We have

oo (o)
(Th, — I)R(z)x = %/ e Ty padt — %/ e A Tadt =
0 0

1 0o ezh -1 o0
,/ e 2(r=h) Txdr—f/ e A Tadt = / _ZtTtiUdt—*/ e * Tywdt
h/, heJn

1 [h
- — / e AT, xdt.
h Jo

If we now let h — 0, the integral inside the bracket tends to zero, and the
expression on the right tends to x since Ty = I. We thus see that

S

e*h —1
h

h
R(z)x—/ e T dt
0

R(z)x € D(A)

and

AR(z) = zR(z) —
or, rewriting this in a more familiar form,
(2I — A)R(2) = 1. (11.4)

This equation says that R(z) is a right inverse for zI — A. It will require a lot
more work to show that it is also a left inverse.

We will first prove that D(A) is dense in F by showing that im(R(z)) is
dense. In fact, taking s to be real, we will show that

lim sR(s)r=a2 VazeF. (11.5)

S§—00
oo
/ se”stdt =1
0

oo
sR(s)r —x = s/ e ' Tix — x]dt.
0

Indeed,

for any s > 0. So we can write

Applying any seminorm p we obtain
o
p(sR(s)x — x) < s/ e S'p(Tyx — x)dt.
0

For any € > 0 we can, by the continuity of T}, find a § > 0 such that
p(Tix—xz)<e ¥V 0<t<4.

Now let us write

oo 5 o0
s/ e 'p(Tyx — x)dt = s/ e *'p(Tia — x)dt + 5/ e *'p(Tiw — x)dt.
0 0 J
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The first integral is bounded by

o 0o
es/ e st < es/ e Stdt = e.
0 0

As to the second integral, let M be a bound for p(Tix) + p(x) which exists by
the uniform boundedness of T;. The triangle inequality says that p(Tix — ) <
p(Tix) + p(z) so the second integral is bounded by

M/ se Stdt = Me™ 9.
§

This tends to 0 as s — oo, completing the proof that sR(s)z — x and hence
that D(A) is dense in F.

11.3 The differential equation

Theorem 11.3.1 If x € D(A) then for any t > 0

o1
}111% E[THh — Tilx = ATyx = T; Ax.

In colloquial terms, we can formulate the theorem as saying that

d
—Ty =AT, =T, A
it t t

in the sense that the appropriate limits exist when applied to x € D(A).
Proof. Since T} is continuous in t, we have

1 1
T, Az =T, lim — [T}, — Il = im — [T} Ty — T}]z =
N0 h N0 h

o1 .1
}Ll{% 7 Levn = Ttlo = }111{% 7 In = [T
for x € D(A). This shows that Tix € D(A) and

.1
flll{jl}) E[Tt+h — ,_Tt]l' = ATtl' = TtAx

To prove the theorem we must show that we can replace h \, 0 by h — 0.
Our strategy is to show that with the information that we already have about
the existence of right handed derivatives, we can conclude that

t
Tix —x = / T,Axds.
0
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Since Ty is continuous, this is enough to give the desired result. In order to
establish the above equality, it is enough, by the Hahn-Banach theorem to prove
that for any ¢ € F* we have

UTyx) — b(z) = /0 U(TsAx)ds.

In turn, it is enough to prove this equality for the real and imaginary parts of £.
So it all boils down to a lemma in the theory of functions of a real variable:

Lemma 11.3.1 Suppose that f is a continuous real valued function of t with
the property that the right hand derivative

exists for all t and g(t) is continuous. Then f is differentiable with f' = g.

Proof. We first prove that %f > 0 on an interval [a,b] implies that f(b) >
f(a). Suppose not. Then there exists an € > 0 such that

f(0) = fa) < —€(b—a).

Set

Then F(a) =0 and
d+
—F>0.
dt

At a this implies that there is some ¢ > a near a with F(¢) > 0. On the other
hand, since F'(b) < 0, and F' is continuous, there will be some point s < b
with F((s) = 0 and F(¢t) < 0 for s < t < b. This contradicts the fact that
4 F)(s) > 0.

Thus if % f > m on an interval [t1,t3] we may apply the above result to
f(t) — mt to conclude that

f(t2) = f(t1) = m(t2 — t1),

and if %f(t) < M we can apply the above result to Mt — f(t) to conclude that

f(t2) — f(t1) < M(ta —t1). So if m = min ¢g(¢) = min %f on the interval [tq, to]
and M is the maximum, we have

< fl) = (1) _ M
<= T <

Since we are assuming that g is continuous, this is enough to prove that f is
indeed differentiable with derivative g. QED
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11.3.1 The resolvent.
We have already verified that

R(z) = / e ' Tdt
0
maps F into D(A) and satisfies
(21 -A)R(z) =1

for all z with Re z > 0, cf (11.4).
We shall now show that for this range of z

(21 —A)x=0 = =0 Vze DA
so that (2 — A)~! exists and that it is given by R(z). Suppose that
Az =zzx 1z € D(A)
and choose ¢ € F* with ¢(x) = 1. Consider
o(t) = U(Tia).

By the result of the preceding section we know that ¢ is a differentiable function
of t and satisfies the differential equation

@' (t) = (T, Az) = U(Tyzz) = 24(Tyx) = 29(t), ¢(0) = 1.
So
o(t) = e

which is impossible since ¢(t) is a bounded function of ¢ and the right hand
side of the above equation is not bounded for ¢ > 0 since the real part of z is
positive.

We have from (11.4) that

(21 —A)R(2)(z] — A)x = (2] — A)x

and we know that R(z)(zI — A)x € D(A). From the injectivity of zI — A we
conclude that R(z)(zI — A)z = =.

From (2I — A)R(z) = I we see that zI — A maps im R(z) C D(A) onto F so
certainly zI — A maps D(A) onto F bijectively. Hence

im(R(z)) = D(A), im(zI—A)=F

and
R(z) = (2 — A)™%.

We have already established the following:
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The resolvent R(z) = R(z, A) := [~ e *'Tydt is defined as a strong limit for
Re z > 0 and, for this range of z:

D(A) = im(R(z,A4)) (11.6)

AR(z,A)x = R(2,A)Az = (zR(z2,A)—I)z x € D(A) (11.7)
AR(z,A)x = (zR(z,A)—Dz Yz e€F (11.8)

Zh/rgo zR(z,A)x = =z for zreal Vo € F. (11.9)

We also have
Theorem 11.3.2 The operator A is closed.

Proof. Suppose that z,, € D(A), z, — z and y, — y where y,, = Az,,. We
must show that @ € D(A) and Az = y. Set

zn = — Az, so z, —>zx—y.
Since R(1,A) = (I — A)~! is a bounded operator, we conclude that
r=lima, =lim(l — A) "'z, = (I - Az —vy).

From (11.6) we see that z € D(A) and from the preceding equation that (I —
A)x =z —yso Az =y. QED

Application to Stone’s theorem.

We now have enough information to complete the proof of Stone’s theorem:

Suppose that U(t) is a one-parameter group of unitary transformations on
a Hilbert space. We have (U(t)z,y) = (z,U(t)"ty) = (z,U(~t)y) and so differ-
entiating at the origin shows that the infinitesimal generator A, which we know
to be closed, is skew-symmetric:

(Az,y) = (z,Ay) VY xz,y € D(A).

Also the resolvents (zI — A)~! exist for all z which are not purely imaginary,
and (zI — A) maps D(A) onto the whole Hilbert space H.

Writing A = iT we see that T is symmetric and that its Cayley transform
Ur has zero kernel and is surjective, i.e. is unitary. Hence T is self-adjoint.
This proves Stone’s theorem that every one parameter group of unitary trans-
formations is of the form e’* with T self-adjoint.

11.3.2 Examples.

For » > 0 let
Joi= (I —r~tA)~ =rR(r, A)

so by (11.8) we have
Ad. =r(J. —1I). (11.10)
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Translations.

Consider the one parameter group of translations acting on La(R):
[U(t)x](s) = z(s —t). (11.11)

This is defined for all x € § and is an isometric isomorphism there, so extends
to a unitary one parameter group acting on Lo(R). Equally well, we can take
the above equation in the sense of distributions, where it makes sense for all
elements of &', in particular for all elements of Lo(R). We know that we can
differentiate in the distributional sense to obtain

d

ds
as the “infinitesimal generator” in the distributional sense. Let us see what the
general theory gives. Let y,. := J,.x so

yr(s) = r/ e "a(s —t)dt = r/ e "W g (u)du.
0 —o0

The right hand expression is a differentiable function of s and

S

yr(s) = ra(s) — r2/ e_r(s_“)ac(u)du =ra(s) — ry,(s).

On the other hand we know from (11.10) that
Ay, = Adyx = r(y,. — ).
Putting the two equations together gives

_4
ds

as expected. This is a skew-adjoint operator in accordance with Stone’s theorem.

We can now go back and give an intuitive explanation of what goes wrong
when considering this same operator A but on L0, 1] instead of on Lo(R). If
z is a smooth function of compact support lying in (0, 1), then x can not tell
whether it is to be thought of as lying in Lo ([0, 1]) or L2(R), so the only choice
for a unitary one parameter group acting on x (at least for small ¢ > 0) if the
shift to the right as given by (11.11). But once t is large enough that the support
of U(t)z hits the right end point, 1, this transformation can not continue as is.
The only hope is to have what “goes out” the right hand side come in, in some
form, on the left, and unitarity now requires that

/01 |z(s —t)|dt = /01 lz(t)|2dt

where now the shift in (11.11) means mod 1. This still allows freedom in the
choice of phase between the exiting value of the x and its incoming value. Thus
we specify a unitary one parameter group when we fix a choice of phase as the
effect of “passing go”. This choice of phase is the origin of the 6 that are needed
to introduce in finding the self adjoint extensions of -4 acting on functions

idi
vanishing at the boundary.
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The heat equation.

Let F consist of the bounded uniformly continuous functions on R. For ¢ > 0
define

z](s) = ! ooef(sfv)/ztxv v
al) = —= [ (v)dv.

In other words, T} is convolution with

1
nt(u) —_ %efqﬂ/%'

We have already verified in our study of the Fourier transform that this is a
continuous semi-group (when we set Top = I) when acting on S. In fact, for
x € §, we can take the Fourier transform and conclude that

[T,2] (o) = e 1/%3(q).

Differentiating this with respect to ¢ and setting ¢ = 0 (and taking the inverse
Fourier transform) shows that

d 1 d?
—Tix =_-———=T
[dt K ]t_o 2 ds?
for x € S. We wish to arrive at the same result for 7T; acting on F. It is easy
enough to verify that the operators T; are continuous in the uniform norm and
hence extend to an equibounded semigroup on F. We will now verify that the
infinitesimal generator A of this semigroup is
_1d?
T 2ds?
with domain consisting of all twice differentiable functions.
Let us set y,. = J.x so

> > 1 —rt—(s—v)?/2t :|
— dt| d
/_OO z(v) [/0 r Tﬂ'te v

o0 o0 1 2 2 2
z(v 2T g0 —r(s—v)7/20 da} dv setting t = o2 /r
/—oo @) [/0 f\/% & /

/OO z(v)(r/Q)%ef‘/ﬂ‘sfv‘dv

— 00

Yr(s)

since for any ¢ > 0 we have
/ e~ (@) g = ge*%. (11.12)
0

Let me postpone the calculation of this integral to the end of the subsection.
Assuming the evaluation of this integral we can write

1 o] s
yr(s) = (g)Q [/ x(v)e’\/ﬂ(vfs)dv—k/ x(v)e"/ﬂ(s’”)dv .
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This is a differentiable function of s and we can differentiate to obtain
Yyp(s) =r {/ x(v)e“/ﬂ(”‘s)dv _/ x(v)e—\/?(s—v)dv .

This is also differentiable and compute its derivative to obtain
yr(s) = —2rz(s) + r3/2\/§/ z(v))eV2rlv=slgy,
or
Y =2r(yr — ).
Comparing this with (11.10) which says that Ay, = r(y, —x) we see that indeed
1d?
©2ds?’
Let us now verify the evaluation of the integral in (11.12): Start with the
known integral
/ e dy = ﬁ
0 2

Set * = 0 — ¢/o so that de = (1 + ¢/0?)do and z = 0 corresponds to o = /c.
Thus ¥~

5 =

/ e—(d—c/g)2(1 n c/0)2d0 — ch/ e_(g2+c2/02)(1 + 0/02)(10_
Ve Ve

_ e2¢ |:/OO 67(02+02/o2)d0_+/00 e*(02+c2/02)%d0 .
Ve Ve 7

In the second integral inside the brackets set t = —c/o so dt = 5 do and this
second integral becomes
Ve
/ o= (242 /t%) gy

0

and hence

vT_ e /Oo e+ 4o
0
which is (11.12).

Bochner’s theorem.

A complex valued continuous function F is called positive definite if for every
continuous function ¢ of compact support we have

/ / F(t — s)p(t)o(s)dtds > 0. (11.13)
R JR
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We can write this as
(F*¢,¢) >0

where the convolution is taken in the sense of generalized functions. If we write
F =@ and ¢ = 1/1 then by Plancherel this equation becomes

(GY,¥) >0
or
(G,]9*) >0

which will certainly be true if G is a finite non-negative measure. Bochner’s
theorem asserts the converse: that any positive definite function is the Fourier
transform of a finite non-negative measure. We shall follow Yosida pp. 346-347
in showing that Stone’s theorem implies Bochner’s theorem.

Let F denote the space of functions on R which have finite support, i.e.
vanish outside a finite set. This is a complex vector space, and has the semi-

scalar product
=Y F(t—s)z(t)y(s).
t,s

(It is easy to see that the fact that F' is a positive definite function implies that
(z,z) > 0 for all z € F.) Passing to the quotient by the subspace of null vectors
and completing we obtain a Hilbert space H.

Let U, be defined by [U,z](t) = z(¢t — r) as usual. Then

(Upz, Uypy) = ZFt sla(t—r)y(s —r) =D Ft+r—(s+r)a(t)y(s) = (z,y).

t,s
So U, descends to H to define a unitary operator which we shall continue to

denote by U,.. We thus obtain a one parameter group of unitary transformations
on H. According to Stone’s theorem there exists a resolution F of the identity

such that -
Ut :/ 6it)\dE>\.

Now choose § € F to be defined by
1 if t=0
‘5“)_{ 0 if t#0
Let x be the image of § in H. Then
(Upz, x) ZFt—s (t—r)d(s) = F(r).

But by Stone we have

F(r) :/ e")‘d,um’x :/ ei”\dHEA:UH2

— 00 — 00
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so we have represented F' as the Fourier transform of a finite non-negative
measure. QED

The logic of our argument has been - the Spectral Theorem implies Stone’s
theorem implies Bochner’s theorem. In fact, assuming the Hille-Yosida theorem
on the existence of semigroups to be proved below, one can go in the opposite
direction. Given a one parameter group U(t) of unitary transformations, it
is easy to check that for any x € H the function ¢t — (U(t)z,x) is positive
definite, and then use Bochner’s theorem to derive the spectral theorem on the
cyclic subspace generated by x under U(t). One can then get the full spectral
theorem in multiplication operator form as we did in the handout on unbounded
self-adjoint operators.

11.4 The power series expansion of the expo-
nential.

In finite dimensions we have the formula

oo

tk
etB _ ka

B k!
0

with convergence guaranteed as a result of the convergence of the usual expo-
nential series in one variable. (There are serious problems with this definition
from the point of view of numerical implementation which we will not discuss
here.)

In infinite dimensional spaces some additional assumptions have to be placed
on an operator B before we can conclude that the above series converges. Here
is a very stringent condition which nevertheless suffices for our purposes.

Let F be a Frechet space and B a continuous map of F — F. We will assume
that the B* are equibounded in the sense that for any defining semi-norm p
there is a constant K and a defining semi-norm ¢ such that

p(BF2) < Kq(x) Vk=1,2,... VaxcF.

Here the K and ¢ are required to be independent of k and =x.
Then

P> B <30 (B < Ka(0) Y
and so
EB’CZ'
5 k!

is a Cauchy sequence for each fixed ¢t and = (and uniformly in any compact

interval of t). It therefore converges to a limit. We will denote the map x +—

k
o L B*z by

exp(tB).
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This map is linear, and the computation above shows that

p(exp(tB)x) < K exp(t)q(x).

The usual proof (using the binomial formula) shows that ¢ — exp(tB) is a one
parameter equibounded semi-group. More generally, if B and C' are two such
operators then if BC' = CB then exp(t(B + C)) = (exptB)(exp tC).

Also, from the power series it follows that the infinitesimal generator of
exptB is B.

11.5 The Hille Yosida theorem.

Let us now return to the general case of an equibounded semigroup 7; with
infinitesimal generator A on a Frechet space F where we know that the resolvent
R(z,A) for Re z > 0 is given by

R(z,A)x:/ e *'Tyxdt.
0

This formula shows that R(z, A)z is continuous in z. The resolvent equation
R(z,A) — R(w,A) = (w — 2)R(z, A)R(w, A)

then shows that R(z, A)x is complex differentiable in z with derivative —R(z, A)?z.
It then follows that R(z, A)x has complex derivatives of all orders given by

ar A
TR (ymiR(z, Ay,
On the other hand, differentiating the integral formula for the resolvent n- times
gives
d"R(z, A e
TR Az _ / e~ (—t)" Tyt
dzm 0

where differentiation under the integral sign is justified by the fact that the T
are equicontinuous in t. Putting the previous two equations together gives

n+1 o]
(2R(z, A))" o = ZT/ e " Tyadt.
©Jo

This implies that for any semi-norm p we have

n+1 oo
PR A ) < Zn [T e sup p(Tia)de = supp(Tia)
n! Jo >0 t>0

Tty = M
o - Zn+1 :

Since the T; are equibounded by hypothesis, we conclude

since
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Proposition 11.5.1 The family of operators {(zR(z, A))"} is equibounded in
Rez>0andn=0,1,2,....

‘We now come to the main result of this section:

Theorem 11.5.1 [Hille -Yosida.] Let A be an operator with dense domain
D(A), and such that the resolvents

R(n,A) = (nI — A)~"

exist and are bounded operators for n = 1,2,.... Then A is the infinitesimal
generator of a uniquely determined equibounded semigroup if and only if the
operators

{(I—n7tA)™™}
are equibounded inm =0,1,2... andn=1,2,....

Proof. If A is the infinitesimal generator of an equibounded semi-group then
we know that the {(I —n~1A)~™} are equibounded by virtue of the preceding
proposition. So we must prove the converse.
Set
Jo=(I—-n"tA)""

so J, =n(nl — A)~! and so for x € D(A) we have
Jn(nl — A)x = nx

or
Jn Az =n(J, — .

Similarly (nI — A)J, = nl so AJ, =n(J, —I). Thus we have
Adyx = JyAz =n(J, — )z V€ D(A). (11.14)

The idea of the proof is now this: By the results of the preceding section, we
can construct the one parameter semigroup s — exp(sJ,). Set s = nt. We can
then form e~ exp(ntJ,) which we can write as exp(tn(J, — I)) = exp(tAJ,)
by virtue of (11.14). We expect from (11.5) that

lim J,o=2 V xze€F. (11.15)

n—oo

This then suggests that the limit of the exp(tAJ,) be the desired semi-group.
So we begin by proving (11.15). We first prove it for x € D(A). For such z
we have (J,, — I)x = n~1J, Az by (11.14) and this approaches zero since the J,,
are equibounded. But since D(A) is dense in F and the J,, are equibounded we
conclude that (11.15) holds for all z € F.
Now define

Tt(n) = exp(tAJ,) == exp(nt(J, — I)) = e " exp(ntJ,).
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We know from the preceding section that

(nt>k k nt
plexp(nty)z) <3 ~r=p(Jyz) < e Kq(x)

which implies that
p(T ™) < Kq(x). (11.16)

Thus the family of operators {Tt(n)} is equibounded forallt > 0andn =1,2,....
We next want to prove that the {Tt(n)} converge as n — oo uniformly on each
compact interval of ¢:

The J,, commute with one another by their definition, and hence J, com-
(m)

mutes with 7, . By the semi-group property we have
d m m
ST = AT T2 = T™ Ad
SO
t d t
Tt(")x = Tt(m)x = / —(Tt(ins)Ts("))xds = / Tt(f;)(AJn — AJ )T xds.
o ds 0

Applying the semi-norm p and using the equiboundedness we see that
p(Tt(n)x - Tt(m)x) < Ktq((Jp — Jm)Ax).

From (11.15) this implies that the Tt(")m converge (uniformly in every compact
interval of t) for x € D(A), and hence since D(A) is dense and the Tt(n) are
equicontinuous for all x € F. The limiting family of operators T; are equicon-
tinuous and form a semi-group because the Tt(") have this property.

We must show that the infinitesimal generator of this semi-group is A. Let
us temporarily denote the infinitesimal generator of this semi-group by B, so
that we want to prove that A = B. Let « € D(A). We claim that

lim T\ AJyx = T, Ax (11.17)

n—oo

uniformly in in any compact interval of ¢. Indeed, for any semi-norm p we have

p(TyAx — Tt(n)AJnx) < p(T;Ax — Tt(n)A:L‘) + p(Tt(n)Ax — Tt(n)AJnx)
< p((T, - T") Az) + Kq(Az — J, Az)

where we have used (11.16) to get from the second line to the third. The second
term on the right tends to zero as n — oo and we have already proved that
the first term converges to zero uniformly on every compact interval of t. This
establishes (11.17).
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We thus have, for z € D(A),

Tix—x = lim (Tt(n)x —x)

n—oo

t
= lim T AJ, zds

n—oo 0

¢
= /(lim T AJ,x)ds
0

n—oo

t
/ T, Axds
0

where the passage of the limit under the integral sign is justified by the uniform
convergence in ¢t on compact sets. It follows from Tyx — x = fot Ty Axds that x
is in the domain of the infinitesimal operator B of T; and that Bx = Ax. So B
is an extension of A in the sense that D(B) D D(A) and Bx = Az on D(A).

But since B is the infinitesimal generator of an equibounded semi-group, we
know that (I — B) maps D(B) onto F bijectively, and we are assuming that
(I — A) maps D(A) onto F bijectively. Hence D(A) = D(B). QED

In case F is a Banach space, so there is a single norm p = || ||, the hypotheses
of the theorem read: D(A) is dense in F, the resolvents R(n, A) exist for all
integers n = 1,2,... and there is a constant K independent of n and m such
that

(I —n"tA)™| <K ¥Yn=1,2,...,m=12,.... (11.18)

11.6 Contraction semigroups.

In particular, if A satisfies
I —nt ) <1 (11.19)

condition (11.18) is satisfied, and such an A then generates a semi-group. Under
this stronger hypothesis we can draw a stronger conclusion: In (11.16) we now
have p=¢ = - || and K = 1. Since lim,_,o Ty*x = Tyx we see that under the
hypothesis (11.19) we can conclude that

IT|<1 Vt>0.

A semi-group T; satisfying this condition is called a contraction semi-group.
We will study another useful condition for recognizing a contraction semigroup
in the following subsection.

We have already given a direct proof that if S is a self-adjoint operator on
a Hilbert space then the resolvent exists for all non-real z and satisfies

1
[T (2)]

1R(z,9)I <
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This implies (11.19) for A = ¢S and —iS giving us an independent proof of
the existence of U(t) = exp(iSt) for any self-adjoint operator S. As we men-
tioned previously, we could then use Bochner’s theorem to give a third proof
of the spectral theorem for unbounded self-adjoint operators. I might discuss
Bochner’s theorem in the context of generalized functions later probably next
semester if at all. Once we give an independent proof of Bochner’s theorem then
indeed we will get a third proof of the spectral theorem.

11.6.1 Dissipation and contraction.

Let F be a Banach space. Recall that a semi-group 73 is called a contraction
semi-group if
T <1 VE>0,

and that (11.19) is a sufficient condition on operator with dense domain to
generate a contraction semi-group.

The Lumer-Phillips theorem to be stated below gives a necessary and suffi-
cient condition on the infinitesimal generator of a semi-group for the semi-group
to be a contraction semi-group. It is generalization of the fact that the resolvent
of a self-adjoint operator has +i in its resolvent set.

The first step is to introduce a sort of fake scalar product in the Banach space
F. A semi-scalar product on F is a rule which assigns a number ((z, z)) to
every pair of elements z,z € F in such a way that

({(z+w,2) = ((&2)+2)
((Ae,2)) = A{{z,2))
(@) = =]
({20 <l - [I2]]-

We can always choose a semi-scalar product as follows: by the Hahn-Banach
theorem, for each z € F we can find an ¢, € F* such that

1]l = [l2] and £.(2) = ||=]|*.
Choose one such ¢, for each z € F and set
({x, 2)) = L, ().

Clearly all the conditions are satisfied. Of course this definition is highly unnat-
ural, unless there is some reasonable way of choosing the £, other than using the
axiom of choice. In a Hilbert space, the scalar product is a semi-scalar product.

An operator A with domain D(A) on F is called dissipative relative to a
given semi-scalar product ((-,-)) if

Re ((Az,z)) <0 Va e D(A).
For example, if A is a symmetric operator on a Hilbert space such that

(Az,2) <0 V2 e D(A) (11.20)
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then A is dissipative relative to the scalar product.

Theorem 11.6.1 [Lumer-Phillips.] Let A be an operator on a Banach space
F with D(A) dense in F. Then A generates a contraction semi-group if and
only if A is dissipative with respect to any semi-scalar product and

im(I — A)=F.

Proof. Suppose first that D(A) is dense and that im(I — A) = F. We wish
to show that (11.19) holds, which will guarantee that A generates a contraction
semi-group. Let s > 0. Then if z € D(A) and y = sz — Ax then

sllz])* = s((z,2)) < s{(z,2)) — Re ((Az,2)) = Re ((y, 2))

implying
sllzll* < llyll [l (11.21)

We are assuming that im(I — A) = F. This together with (11.21) with s =1
implies that R(1, A) exists and

I1R(1, A) < 1.

In turn, this implies that for all z with |z — 1| < 1 the resolvent R(z, A) exists
and is given by the power series

R(z, A) = i(z —1)"R(1, A)"+!
n=0

by our general power series formula for the resolvent. In particular, for s real and
|s — 1] < 1 the resolvent exists, and then (11.21) implies that ||R(s, A)| < s~ 1.
Repeating the process we keep enlarging the resolvent set p(A) until it includes
the whole positive real axis and conclude from (11.21) that ||R(s, A)|| < s71
which implies (11.19). As we are assuming that D(A) is dense we conclude that
A generates a contraction semigroup.

Conversely, suppose that T} is a contraction semi-group with infinitesimal
generator A. We know that Dom(A) is dense. Let ((-,-)) be any semi-scalar
product. Then

Re ((Tyx — z,2)) = Re ((Tyz,2)) — |lz|* < || Tiz||[l2]] - [|l=]* < 0.

Dividing by ¢ and letting ¢ N\, 0 we conclude that Re ((Az,z)) < 0 for all
x € D(A), i.e. A is dissipative for ({-,-)). QED

Once again, this gives a direct proof of the existence of the unitary group
generated generated by a skew adjoint operator.

A useful way of verifying the condition im(I — A) = F is the following: Let
A* : F* — F* be the adjoint operator which is defined if we assume that D(A)
is dense.
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Proposition 11.6.1 Suppose that A is densely defined and closed, and suppose
that both A and A* are dissipative. Then im(I — A) = F and hence A generates
a contraction semigroup.

Proof. The fact that A is closed implies that (I — A)~! is closed, and since we
know that (I — A)~! is bounded from the fact that A is dissipative, we conclude
that im(I — A) is a closed subspace of F. If it were not the whole space there
would be an ¢ € F* which vanished on this subspace, i.e.

(l,x —Ax) =0 VY z e D(A).

This implies that that £ € D(A*) and A*¢ = ¢ which can not happen if A* is
dissipative by (11.21) applied to A* and s = 1. QED

11.6.2 A special case: exp(t(B — I)) with ||B|| < 1.

Suppose that B : F' — F is a bounded operator on a Banach space with || B|| < 1.
Then for any semi-scalar product we have

Re (((B —I)z,z)) = Re ((Bx,)) — [l2[|* < || Ba[|]|z]| — [|=]* < 0

so B—1 is dissipative and hence exp(t(B —1)) exists as a contraction semi-group
by the Lumer-Phillips theorem. We can prove this directly since we can write

e thk
k!

exp(t(B—1)) =e*
k=0

The series converges in the uniform norm and we have

o0

L &t B

t

lep(e(B - D) < et = <1
=0

For future use (Chernoff’s theorem and the Trotter product formula) we
record (and prove) the following inequality:

Ilexp(n(B —I)) — B™z|| < vn||(B-1)z|| Yxe€F, andVn=1,23....
(11.22)
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Proof.

llexp(n(B — 1)) = B"al| = [e" Y -7(B* — B")z|

x  k

—n n n
e S (B - Bl
k=0

k
n

- |k—n| _

ey IB* M = D

IA

IN
=

_n n —nl—
= e ZH||(B—I)(I+B+-~-+B(|’“ =)z |

o0

k
a1
< ey k= all(B - Dl
k=0

So to prove (11.22) it is enough establish the inequality

. k
_ n
e "Zﬁ|k—n| < V/n. (11.23)
k=0
Consider the space of all sequences a = {ag, a1, ... } with finite norm relative to
scalar product
(a,b) :=e™" Z Hakbk'
k=0

The Cauchy-Schwarz inequality applied to a with a; = |k—n| and b with b, = 1
gives

e‘"ZH|k—n| < e‘”zﬁ(k—n)2~ e" R

The second square root is one, and we recognize the sum under the first square
root as the variance of the Poisson distribution with parameter n, and we know
that this variance is n. QED

11.7 Convergence of semigroups.

We are going to be interested in the following type of result. We would like
to know that if A, is a sequence of operators generating equibounded one pa-
rameter semi-groups exptA, and A, — A where A generates an equibounded
semi-group exptA then the semi-groups converge, i.e. exptA, — exptA. We
will prove such a result for the case of contractions. But before we can even
formulate the result, we have to deal with the fact that each A,, comes equipped
with its own domain of definition, D(A,). We do not want to make the overly
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restrictive hypothesis that these all coincide, since in many important applica-
tions they won’t.

For this purpose we make the following definition. Let us assume that F
is a Banach space and that A is an operator on F defined on a domain D(A).
We say that a linear subspace D C D(A) is a core for A if the closure A of A
and the closure of A restricted to D are the same: A = A|D. This certainly
implies that D(A) is contained in the closure of A|D. In the cases of interest to
us D(A) is dense in F, so that every core of A is dense in F.

We begin with an important preliminary result:

Proposition 11.7.1 Suppose that A,, and A are dissipative operators, i.e. gen-
erators of contraction semi-groups. Let D be a core of A. Suppose that for each
x € D we have that © € D(A,,) for sufficiently large n (depending on z) and
that

Az — Az (11.24)

Then for any z with Re z > 0 and for ally € F
R(z,An)y — R(z, A)y. (11.25)

Proof. = We know that the R(z,A,) and R(z, A) are all bounded in norm
by 1/Re z. So it is enough for us to prove convergence on a dense set. Since
(21 — A)D(A) = F, it follows that (zI — A)D is dense in F since A is closed.
So in proving (11.25) we may assume that y = (21 — A)z with z € D. Then

|R(z, An) (2] — An)x + R(z, Ap)(Apz — Azx) — z||
= [IR(z, An)(An = A)z|

1
——(4n = A)z]| 0,

IN

where, in passing from the first line to the second we are assuming that n is
chosen sufficiently large that « € D(A,). QED

Theorem 11.7.1 Under the hypotheses of the preceding proposition,
(exp(tA,))z — (exp(tA))x
for each © € F uniformly on every compact interval of t.
Proof. Let
dn(t) == e ![((exp(tA,))r — (exp(tA))x)] fort >0

and set ¢(t) = 0 for ¢ < 0. It will be enough to prove that these F valued
functions converge uniformly in ¢ to 0, and since D is dense and since the
operators entering into the definition of ¢,, are uniformly bounded in n, it is
enough to prove this convergence for £ € D which is dense. We claim that
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for fixed € D the functions ¢,,(t) are uniformly equi-continuous. To see this
observe that

d
dt
for ¢ > 0 and the right hand side is uniformly bounded in ¢ > 0 and n.

So to prove that ¢, (t) converges uniformly in ¢ to 0, it is enough to prove
this fact for the convolution ¢, x p where p is any smooth function of compact
support, since we can choose the p to have small support and integral v/27, and

then ¢, (t) is close to (¢, * p)(t).
Now the Fourier transform of ¢, xp is the product of their Fourier transforms:

énp. We have ¢, (s) =

n(t) = e "[(exp(tAn)) Anz — (exp(tA))Ax] — e™"[(exp(tAn))z — (exp(tA))z]

190t (exp t A, )z —(exp(tA))z)dt = [R(1+is, Ap)z—R(1+is, A)x].

5~
3

w e

Thus by the proposition R

on(s) — 0
in fact uniformly in s. Hence using the Fourier inversion formula and, say, the
dominated convergence theorem (for Banach space valued functions),

(¢n * P / (bn wtdS —0
uniformly in ¢. QED

The preceding theorem is the limit theorem that we will use in what follows.
However, there is an important theorem valid in an arbitrary Frechet space, and
which does not assume that the A, converge, or the existence of the limit A,
but only the convergence of the resolvent at a single point 2y in the right hand
plane!

In the following F is a Frechet space and {exp(tA,)} is a family of of equi-
bounded semi-groups which is also equibounded in n, so for every semi-norm p
there is a semi-norm ¢ and a constant K such that

plexp(tAy)x) < Kq(z) VzeF

where K and ¢ are independent of ¢ and n. I will state the theorem here, and
refer you to Yosida pp.269-271 for the proof.

Theorem 11.7.2 [Trotter-Kato.] Suppose that {exp(tA,)} is an equibounded
family of semi-groups as above, and suppose that for some zy with positive real
part there exist an operator R(zy) such that

lim R(zo, An) — R(20)

n—oo

and
im R(z¢) is dense in F.



320 CHAPTER 11. STONE’S THEOREM

Then there exists an equibounded semi-group exp(tA) such that
R(Zo) = R(Zo,A)

and
exp(tA,) — exp(tA)

uniformly on every compact interval of t > 0.

11.8 The Trotter product formula.

In what follows, F is a Banach space. Eventually we will restrict attention to a
Hilbert space. But we will begin with a classical theorem of Lie:

11.8.1 Lie’s formula.

Let A and B be linear operators on a finite dimensional Hilbert space. Lie’s
formula says that

exp(A+ B) = Jim [(exp A/n)(exp B/n)]" . (11.26)

Proof. Let S, := exp(: (4 + B)) so that
Sy =exp(A+ B).
Let T,, = (exp A/n)(exp B/n). We wish to show that
Sy —T7 — 0.

Notice that the constant and the linear terms in the power series expansions for
S, and T,, are the same, so

C
HSn - Tn” < ﬁ

where C' = C(A, B). We have the telescoping sum

n—1

Sp—Tp =Y Sk (S, —T,)T" "
k=0
SO
155 = Tl < 0l S — Tl (max([|Sull, [T l))" -
But 1 !
15all < exp —([lAll + | BIl) - and [|Tn]| exp —([lAll + |1 B])
and

n—1

1 n—1
exp E(HAH + (1Bl = exp

—— (Al +11BIl) < exp([lAll + [ B]1)



11.8. THE TROTTER PRODUCT FORMULA. 321

SO
n n c
157 = Tl < —exp(lAll + [[B]l. O

This same proof works if A and B are self-adjoint operators such that A + B
is self-adjoint on the intersection of their domains. For a proof see Reed-Simon
vol. I pages 295-296. For applications this is too restrictive. So we give a more
general formulation and proof following Chernoff.

11.8.2 Chernoff’s theorem.

Theorem 11.8.1 [Chernoff.] Let f : [0,00) — bounded operators on F be a
continuous map with
IF@l <1 vt

and
f0)=1.

Let A be a dissipative operator and exptA the contraction semi-group it gener-
ates. Let D be a core of A. Suppose that

.1
}lll\rrb E[f(h) —Ilz=Az VY zeD.
Then for ally € F
lim {f (;)} y = (exptA)y (11.27)

uniformly in any compact interval of t > 0.

i)

Then %C’n generates a contraction semi-group by the special case of the Lumer-
Phillips theorem discussed in Section 11.6.2, and therefore (by change of vari-
able), so does C,,. So C, is the generator of a semi-group

Proof. For fixed t > 0 let

exptC,

and the hypothesis of the theorem is that C,,x — Az for x € D. Hence by the
limit theorem in the preceding section

(exptCh)y — (exptA)y

for each y € F uniformly on any compact interval of ¢. Now

exp(tC) = expn [f (;) - I}
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so we may apply (11.22) to conclude that

I (exotecs) - £ (fl)) ol < vl (7 () =)ol = =15 (7 (%) ~1) .

The expression inside the || - || on the right tends to Az so the whole expression
tends to zero. This proves (11.27) for all x in D. But since D is dense in F and
f(t/n) and exptA are bounded in norm by 1 it follows that (11.27) holds for all
y € F. QED

11.8.3 The product formula.

Let A and B be the infinitesimal generators of the contraction semi-groups
P, = exptA and Q; = exptB on the Banach space F. Then A + B is only
defined on D(A)ND(B) and in general we know nothing about this intersection.
However let us assume that D(A) N D(B) is sufficiently large that the closure
A+ B is a densely defined operator and A + B is in fact the generator of a
contraction semi-group R;. So D := D(A) N D(B) is a core for A+ B.

Theorem 11.8.2 [Trotter.] Under the above hypotheses

Ryy = lim (P%Qi)ny VyeF (11.28)

n

uniformly on any compact interval of t > 0.

Proof. Define
f(t) = PtQto

For x € D we have
fWx=P(I+tB+o(t)r= I+ At+ Bt+o(t))x

so the hypotheses of Chernoff’s theorem are satisfied. The conclusion of Cher-
noff’s theorem asserts (11.28). QED

A symmetric operator on a Hilbert space is called essentially self adjoint
if its closure is self-adjoint. So a reformulation of the preceding theorem in the
case of self-adjoint operators on a Hilbert space says

Theorem 11.8.3 Suppose that S and T are self-adjoint operators on a Hilbert
space H and suppose that S+ T (defined on D(S) N D(T)) is essentially self-
adjoint. Then for everyy € H

exp(it((S+1T))y = lim (exp(iiA)(exp TthB))ny (11.29)

n—oo

where the convergence is uniform on any compact interval of t.
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11.8.4 Commutators.

An operator A on a Hilbert space is called skew-symmetric if A* = —A on D(A).
This is the same as saying that ¢4 is symmetric. So we call an operator skew
adjoint if ¢A is self-adjoint. We call an operator A essentially skew adjoint
if A is essentially self-adjoint.

If A and B are bounded skew adjoint operators then their Lie bracket

[A,B] := AB — BA

is well defined and again skew adjoint.
In general, we can only define the Lie bracket on D(AB)ND(BA) so we again
must make some rather stringent hypotheses in stating the following theorem.

Theorem 11.8.4 Let A and B be skew adjoint operators on a Hilbert space H
and let
D := D(A%) N D(B?) N D(AB) N D(BA).

Suppose that the restriction of [A, B] to D is essentially skew-adjoint. Then for
everyy € H

exp 1[4, Bly = lim (<exp —\/Zm(exp —\/ZBxexp \/Zm(exp \/ZB>> ,
(

11.30)

uniformly in any compact interval of t > 0.

Proof. The restriction of [A, B] to D is assumed to be essentially skew-adjoint,
so [A, B] itself (which has the same closure) is also essentially skew adjoint.
We have

t2
exp(tA)e = (I +tA+ 5142)96 + o(t?)
for x € D with similar formulas for exp(—tA) etc.

Let
f(t) := (exp —tA)(exp —tB)(exp tA)(exptB).

Multiplying out f(t)x for x € D gives a whole lot of cancellations and yields
f(s)z = (I + s*[A, B])x + o(s”)

so (11.30) is a consequence of Chernoff’s theorem with s = v/t. QED
We still need to develop some methods which allow us to check the hypothe-
ses of the last three theorems.

11.8.5 The Kato-Rellich theorem.

This is the starting point of a class of theorems which asserts that that if A is
self-adjoint and if B is a symmetric operator which is “small” in comparison to
A then A + B is self adjoint.
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Theorem 11.8.5 [Kato-Rellich.] Let A be a self-adjoint operator and B a
symmetric operator with
D(B) D D(A)

and

|Bz|| < al|Az| +blz]| 0<a<1, Yaxc D(A).
Then A+ B is self-adjoint, and is essentially self-adjoint on any core of A.

Proof. [Following Reed and Simon II page 162.] To prove that A + B is
self adjoint, it is enough to prove that im(A 4+ B %+ iug) = H. We do this for
A+ B +ipg. The proof for A+ B — ipg is identical.

Let p > 0. Since A is self-adjoint, we know that

I(A+ip)e|> = Azl + 22|

from which we concluded that (A + iu)~! maps H onto D(A) and
N 1 N
(A + i)~ < p |AA +ip) ] < 1.
Applying the hypothesis of the theorem to @ = (A + iu) "'y we conclude that

o - - b
IB(A + i) "'yl < a A((A + i) "My || + blI(A + i) ~Hyll < <a+ u) lyll-

Thus for p >> 1, the operator
C:=B(A+ i,u)_l
satisfies
0] <1

since @ < 1. Thus —1 ¢ Spec(A) so im(I+C) = H. We know that im(A+ul) =
H hence
H=im([+C)o(A+ipl) =im(A+ B +iul)

proving that A 4+ B is self-adjoint.

If D is any core for A, it follows immediately from the inequality in the
hypothesis of the theorem that the closure of A + B restricted to D contains
D(A) in its domain. Thus A + B is essentially self-adjoint on any core of A.
QED

11.8.6 Feynman path integrals.

Consider the operator
Hy: Ly(R3) — Ly(R?)

given by

9? 0? 0?
= (G g o)
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Here the domain of Hy is taken to be those ¢ € La(R?) for which the differential
operator on the right, taken in the distributional sense, when applied to ¢ gives
an element of Ly(R?).

The operator Hy is called the “free Hamiltonian of non-relativistic quantum
mechanics”. The Fourier transform F is a unitary isomorphism of Ly (R?) into
Ly(R3) and carries Hy into multiplication by &2 whose domain consists of those
® € Ly(Rs) such that £2¢(€) belongs to Ly(Rs3). The operator consisting of
multiplication by e~ s clearly unitary, and provides us with a unitary one
parameter group. Transferring this one parameter group back to La(R3) via
the Fourier transform gives us a one parameter group of unitary transformations
whose infinitesimal generator is —iHj.

Now the Fourier transform carries multiplication into convolution, and the
inverse Fourier transform (in the distributional sense) of e~ ig (2it)_3/26”2/4t.

Hence we can write, in a formal sense,
i(z —y)?
ex F)dy.

(exp(—itHy) f)(x) = (4mit) >/ / 4

R3
Here the right hand side is to be understood as a long winded way of writing
the left hand side which is well defined as a mathematical object. The right
hand side can also be regarded as an actual integral for certain classes of f, and
as the Lo limit of such such integrals. We shall discuss this interpretation in
Section 11.10.

Let V be a function on R3. We denote the operator on Ly (R?) consisting of
multiplication by V also by V. Suppose that V is such that Hy+V is again self-
adjoint. For example, if V' were continuous and of compact support this would
certainly be the case by the Kato-Rellich theorem. (Realistic “potentials” V' will
not be of compact support or be bounded, but nevertheless in many important
cases the Kato-Rellich theorem does apply.)

Then the Trotter product formula says that

n—00

t t o\
exp —it(Hop + V) = lim (exp(—iHo)(exp —iV)) .
n n
We have
t t
((exp-i1)f) (@) = 5V (o)
n
Hence we can write the expression under the limit sign in the Trotter prod-

uct formula, when applied to f and evaluated at zy as the following formal
expression:

dmit\ 2 ,
— exp(iSn(xo, ..., Zn)) f(@n)day, - - - day
n R3 R3

where

<(ﬂfz‘ —Ti-1)

t/n )2 — Vi)

S|+
] =

Sn(zo, 21, ..., Tp,t) = Z [

=1
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If X :s+— X(s), 0<s <tisa pilecewise differentiable curve, then the
action of a particle of mass m moving along this curve is defined in classical
mechanics as

S(X) = /Ot (%X(S)Q - V(X(s))) ds

where X is the velocity (defined at all but finitely many points).

Take m = % and let X be the polygonal path which goes from z( to x1, from
x1 to x9 ete., each in time ¢/n so that the velocity is |x; — x;-1|/(t/n) on the
i-th segment. Also, the integral of V(X (s)) over this segment is approximately
LV (x;). The formal expression written above for the Trotter product formula
can be thought of as an integral over polygonal paths (with step length ¢/n) of
e"n(X) £(X (t))d, X where S,, approximates the classical action and where d,, X
is a measure on this space of polygonal paths.

This suggests that an intuitive way of thinking about the Trotter product
formula in this context is to imagine that there is some kind of “measure” dX
on the space €, of all continuous paths emanating from xy and such that

exp(—it(Ho + V)f)(@) = [ eSCOfX ().
QIO

This formula was suggested in 1942 by Feynman in his thesis (Trotter’s
paper was in 1959), and has been the basis of an enormous number of important
calculations in physics, many of which have given rise to exciting mathematical
theorems which were then proved by other means. I am unaware of any general
mathematical justification of these “path integral” methods in the form that
they are used.

11.9 The Feynman-Kac formula.

An important advance was introduced by Mark Kac in 1951 where the unitary
group exp —it(Hp+V) is replaced by the contraction semi-group exp —t(Ho+V).
Then the techniques of probability theory (in particular the existence of Wiener
measure on the space of continuous paths) can be brought to bear to justify
a formula for the contractive semi-group as an integral over path space. I will
state and prove an elementary version of this formula which follows directly
from what we have done. The assumptions about the potential are physically
unrealistic, but I choose to regard the extension to a more realistic potential as
a technical issue rather than a conceptual one.

Let V' be a continuous real valued function of compact support. To each
continuous path w on R™ and for each fixed time ¢ > 0 we can consider the
integral

/O/V(w(s))ds.
The map
wb—>/0 V(w(s))ds (11.31)
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is a continuous function on the space of continuous paths, and we have

;iv <w (ﬁ)) - /Ot V(w(s))ds (11.32)

for each fixed w.

Theorem 11.9.1 The Feynman-Kac formula. Let V' be a continuous real
valued function of compact support on R™. Let

H=A+V
as an operator on H = L?(R™). Then H is self-adjoint and for every f € H

(e f) (x / F(w(t)) exp < / t V(w(s))ds) dyw (11.33)

where Q, is the space of continuous paths emanating from x and d,w is the
associated Wiener measure.

Proof. [From Reed-Simon II page 280.] Since multiplication by V is a bounded
self-adjoint operator, we can apply the Kato-Rellich theorem (with a = 0!) to
conclude that H is self-adjoint, and with the same domain as A. So we may
apply the Trotter product formula to conclude that
m
(e7 A f = lim (e_%Ae_%V) I
m—00

This convergence is in L2, but by passing to a subsequence we may also assume
that the convergence is almost everywhere. Now

(o)

t t t
:/n"'/np<x7xm7m>"'p<xax7nam> 1eXp z;EV .13] d'rl

Jj=

By the very definition of Wiener measure, this last expression is

/Q exp ZV( ( )) F () dyw.

The integrand (with respect to the Wiener measure d,w) converges on all con-
tinuous paths, that is to say almost everywhere with respect to d,u to the
integrand on right hand side of (11.33). So to justify (11.33) we must prove
that the integral of the limit is the limit of the integral. We will do this by the
dominated convergence theorem:

[ e Zv( (£))) s

x

AT,
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< etmax\Vl/ |f(w(t))|dmw = etmax\V| (e—tA|f|) (LE) < 00

for almost all 2. Hence, by the dominated convergence theorem, (11.33) holds
for almost all z. QED

11.10 The free Hamiltonian and the Yukawa po-
tential.

In this section I want to discuss the following circle of ideas. Consider the
operator
Hy: Ly(R?) — Lyo(R?)

0? 0? 02
Ho = (3:5% + 023 + E)x%) '
Here the domain of Hy is taken to be those ¢ € Lo(R?) for which the differential
operator on the right, taken in the distributional sense, when applied to ¢ gives
an element of Ly(R?).

The operator Hy has a fancy name. It is called the “free Hamiltonian of non-
relativistic quantum mechanics”. Strictly speaking we should add “for particles
of mass one-half in units where Planck’s constant is one”.

The Fourier transform is a unitary isomorphism of Ly(R3) into Ly(R3) and
carries Hy into multiplication by £? whose domain consists of those g% € Ly(Rs)
such that £24(¢) belongs to La(Rs). The operators

given by

V(t): Lo(Rs) — La(Rs), (&) — e ™%

form a one parameter group of unitary transformations whose infinitesimal gen-
erator in the sense of Stone’s theorem is operator consisting of multiplication by
£? with domain as given above. [The minus sign before the i in the exponential
is the convention used in quantum mechanics. So we write exp —itA for the
one-parameter group associated to the self-adjoint operator A. I apologize for
this (rather irrelevant) notational change, but I want to make the notation in
this section consistent with what you will see in physics books.]

Thus the operator of multiplication by £2, and hence the operator Hy is a
self-adjoint transformation. The operator of multiplication by &2 is clearly non-
negative and so every point on the negative real axis belongs to its resolvent
set. Let us write a point on the negative real axis as —u? where g > 0. Then
the resolvent of multiplication by &2 at such a point on the negative real axis is
given by multiplication by — f where

1

f(&) = ful§) == i

We can summarize what we “know” so far as follows:
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1. The operator Hy is self adjoint.

2. The one parameter group of unitary transformations it generates via Stone’s
theorem is

Uty =F'V(t)F
where V(t) is multiplication by e~
3. Any point —u?, u > 0 lies in the resolvent set of Hy and
R(—p? Hy) = —F tmyF

where m¢ denotes the operation of multiplication by f and f is as given
above.

4. If g € S and my denotes multiplication by g, then the the operator
F~myF consists of convolution by §. Neither the function e~ nor
the function f belongs to S, so the operators U(t) and R(—u?, Hy) can
only be thought of as convolutions in the sense of generalized functions.

11.10.1 The Yukawa potential and the resolvent.

Nevertheless, we will be able to give some slightly more explicit (and very in-
structive) representations of these operators as convolutions. For example, we
will use the Cauchy residue calculus to compute f and we will find, up to factors
of powers of 2r that f is the function

e KT
Y,.(zx) =
)=
where r denotes the distance from the origin, i.e. r? = x2. This function

has an integrable singularity at the origin, and vanishes rapidly at infinity. So
convolution by Y, will be well defined and given by the usual formula on elements
of S and extends to an operator on La(R?).

The function Y, is known as the Yukawa potential. Yukawa introduced
this function in 1934 to explain the forces that hold the nucleus together. The
exponential decay with distance contrasts with that of the ordinary electromag-
netic or gravitational potential 1/r and, in Yukawa’s theory, accounts for the
fact that the nuclear forces are short range. In fact, Yukawa introduced a “heavy
boson” to account for the nuclear forces. The role of mesons in nuclear physics
was predicted by brilliant theoretical speculation well before any experimental
discovery. Here are the details:

Since f € Ly we can compute its inverse Fourier transform as

i&-x
_= 5 . _ e
(2m) 2] = Jim (27) 3/£<R Pl (11.34)
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—-R 0 R

Here lim means the Lo limit and |£| denotes the length of the vector &, i.e.

|€] = /&2 and we will use similar notation |z| = r for the length of x. Assume
x # 0. Let
§-x

~ Jelle]

so u is the cosine of the angle between z and £. Fix x and introduce spherical
coordinates in ¢ space with x at the north pole and s = |£| so that

3 el zsl:c\u )
2m)~ (2m)~ 5 S duds
(2m) /<R,LL +52 / /152

19|x\
d
(2m)?2 z|x\/ (s+iu)(s —ip) 8
This last integral is along the bottom of the path in the complex s-plane con-
sisting of the boundary of the rectangle as drawn in the figure.

On the two vertical sides of the rectangle, the integrand is bounded by some
constant time 1/R, so the contribution of the vertical sides is O(1/v/R). On the

top the integrand is O(e_\/ﬁ). So the limits of these integrals are zero. There
is only one pole in the upper half plane at s = iu, so the integral is given by
2mix this residue which equals

e Pl
Qﬂ-iM = mie =l
230
Inserting this back into (11.34) we see that the limit exists and is equal to
1 e Hl=l

A |z

(2m) %2 f =
We conclude that for ¢ € S

e~ Hlz—yl
[@wﬁwwmzi/———w@w

4 Jrs |z -yl

and since (Ho + p2?)~! is a bounded operator on Ly this formula extends in the
Lo sense to L.
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11.10.2 The time evolution of the free Hamiltonian.

The “explicit” calculation of the operator U(t) is slightly more tricky. The
function & — e~ is an “imaginary Gaussian”, so we expect is inverse Fourier
transform to also be an imaginary Gaussian, and then we would have to make
sense of convolution by a function which has absolute value one at all points.
There are several ways to proceed. One involves integration by parts, and I
hope to explain how this works later on in the course in conjunction with the
method of stationary phase.

Here T will follow Reed-Simon vol IT p.59 and add a little positive term to
t and then pass to the limit. In other words, let o be a complex number with
positive real part and consider the function

et

This function belongs to & and its inverse Fourier transform is given by the
function

N (2a)—3/26—x2/4a_

(In fact, we verified this when « is real, but the integral defining the inverse
Fourier transform converges in the entire half plane Re a > 0 uniformly in any
Re a > € and so is holomorphic in the right half plane. So the formula for real
positive a implies the formula for « in the half plane.)

We thus have

T e Ly

4o

Here the square root in the coeflicient in front of the integral is obtained by
continuation from the positive square root on the positive axis. For example, if
we take oo = € + it so that —a = —i(t — i€) we get

(U(0)8)(z) = lim (U (¢~ i)0) @) = L (di(t — i) ~3 / e lemyl? 4= ) gy
Here the limit is in the sense of Ly. We thus could write

(U))@)) = (dmi) /2 / o=y /4 ) dy

if we understand the right hand side to mean the € \, 0 limit of the preceding
expression.

Actually, as Reed and Simon point out, if ¢ € L; the above integral exists
for any t # 0, so if ¢ € L1 N Ly we should expect that the above integral is
indeed the expression for U(t)¢. Here is their argument: We know that

exp(—i(t —i€))¢ — U(t)¢

in the sense of Lo convergence as € \, 0. Here we use a theorem from measure
theory which says that if you have an L, convergent sequence you can choose
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a subsequence which also converges pointwise almost everywhere. So choose a
subsequence of € for which this happens. But then the dominated convergence
theorem kicks in to guarantee that the integral of the limit is the limit of the
integrals.

To sum up: The function

Po(z,y;t) := (4mit)~3/2¢ile—vl/4t

is called the free propagator. For ¢ € L1 N Lo
U@ = [ Paleato)dy
R

and the integral converges. For general elements ¢ of Lo the operator U(t)y
is obtained by taking the Lo limit of the above expression for any sequence
of elements of L; N Ly which approximate 1 in Lo. Alternatively, we could
interpret the above integral as the ¢ \, limit of the corresponding expression
with ¢ replaced by t — ze.



Chapter 12

More about the spectral
theorem

In this chapter we present more applications of the spectral theorem and Stone’s
theorem, mainly to problems arising from quantum mechanics. Most of the
material is taken from the book Spectral theory and differential operators by
Davies and the four volume Methods of Modern Mathematical Physics by Reed
and Simon. The material in the first section is take from the two papers: W.O.
Amrein and V. Georgescu, Helvetica Physica Acta 46 (1973) pp. 636 - 658. and
W. Hunziker and I. SigalJ. Math. Phys.41(2000) pp. 3448-3510.

12.1 Bound states and scattering states.

It is a truism in atomic physics or quantum chemistry courses that the eigen-
states of the Schrédinger operator for atomic electrons are the bound states,
the ones that remain bound to the nucleus, and that the “scattering states”
which fly off in large positive or negative times correspond to the continuous
spectrum. The purpose of this section is to give a mathematical justification
for this truism. The key result is due to Ruelle, (1969), using ergodic theory
methods. The more streamlined version presented here comes from the two pa-
pers mentioned above. The ergodic theory used is limited to the mean ergodic
theorem of von-Neumann which has a very slick proof due to F. Riesz (1939)
which I shall give.

12.1.1 Schwartzschild’s theorem.

There is a classical precursor to Ruelle’s theorem which is due to Schwartzschild
(1896). This is the same Schwartzschild who, some twenty years later, gave the
famous Schwartzschild solution to the Einstein field equations. Schwartzschild’s
theorem says, roughly speaking, that in a mechanical system like the solar sys-
tem, the trajectories which are “captured”, i. e. which come in from infinity at

333
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negative time but which remain in a finite region for all future time constitute
a set of measure zero. Schwartzschild derived his theorem from the Poincaré
recurrence theorem. I learned these two theorems from a course on celestial
mechanics by Carl Ludwig Siegel that I attended in 1953. These theorems ap-
pear in the last few pages of Siegel’s famous Vorlesungen uber Himmelsmechanik
which developped out of this course. For proofs I refer to the treatment given
there.

The Poincaré recurrence theorem.
This says the following:

Theorem 12.1.1 [The Poincaré recurrence theorem.]| Let S; be a measure
preserving flow on a measure space (M, ). Let A be a subset of M contained
in an invariant set of finite measure. Then outside of a subset of A of measure
zero, every point p of A has the property that Sip € A for infinitely many times
in the future.

The idea is quite simple. If this were not the case, there would be an infinite
sequence of disjoint sets of positive measure all contained in a fixed set of finite
measure.

Schwartzschild’s theorem.

Consider the same set up as in the Poincaré recurrence theorem, but now let
M be a metric space with y a regular measure, and assume that the S; are
homeomorphisms. Let A be an open set of finite measure, and let B consist of
all p such that Syp € A for all ¢ > 0. Let C consist of all p such that ;p € A for
all t € R. Clearly C' C B.

Theorem 12.1.2 [Schwartzchild’s theorem.] The measure of B\ C' is zero.

Again, the proof is straightforward and I refer to Siegel for details. Phrased
in more intuitive language, Schwartzschild’s theorem says that outside of a set
of measure zero, any point p € A which has the property that S;p € A for all
t > 0 also has the property that Sip € A for all ¢t < 0. The “capture orbits’
have measure zero.

Of course, the catch in the theorem is that one needs to prove that B has
positive measure for the theorem to have any content.

Siegel calls the set B the set of points which are weakly stable for the future
(with respect to A ) and C the set of points which are weakly stable for all time.

Application to the solar system?

Suppose one has a mechanical system with kinetic energy 7" and potential energy
V.
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If the potential energy is bounded from below, then we can find a bound for
the kinetic energy in terms of the total energy:

T<aH+5b

which is the classical analogue of the key operator bound in quantum version,
see equation (12.7) below. A region of the form

|zl <R, H(z,p)<E

then forms a bounded region of finite measure in phase space. Liouville’s theo-
rem asserts that the flow on phase space is volume preserving. So Schwartzschild’s
theorem applies to this region.

I quote Siegel as to the possible application to the solar system:

Under the unproved assumption that the planetary system is weakly
stable with respect to all time, we can draw the following conclusion:
If the planetary system captures a particle coming in from infinity,
say some external matter, then the new system with this additional
particle is no longer weakly stable with respect to just future time,
and it follows that the particle - or a planet or the sun- must again
be expelled, or a collision must take place. For an interpretation of
the significance of this result, one must, however, consider that we
do not even know whether for n > 2 the solutions of the n-body
problem that are weakly stable with respect to all time form a set
of positive measure.

12.1.2 The mean ergodic theorem

We will need the continuous time version: Let H be a self-adjoint operator on
a Hilbert space ‘H and let
Vi = exp(—itH)

be the one parameter group it generates (by Stone’s theorem). von Neumann’s
mean ergodic theorem asserts that for any f € H the limit

1 T
lim T/o V, fdt

T—o0

exists, and the limit is an eigenvector of H corresponding to the eigenvalue 0.
Clearly, if Hf =0, then V;f = f for all ¢t and the above limit exists trivially
and is equal to f. If f is orthogonal to the image of H, i.e. if

Hg =0 Vg € Dom(H)

then f € Dom(H*) = Dom(H) and H*f = Hf = 0. So if we decompose H into
the zero eigenspace of H and its orthogonal complement, we are reduced to the
following version of the theorem which is the one we will actually use:
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Theorem 12.1.3 Let H be a self-adjoint operator on a Hilbert space H, and
assume that H has no eigenvectors with eigenvalue 0, so that the image of H is
dense in H. Let V; = exp(—itH) be the one parameter group generated by H.

Then
1 /T
forall f e H.
Proof. If h = —iHg then
Vih = %Vtg

SO
1/TVhdt—1(V ) — 0
— = — — — 0.
T/), ! TV

By hypothesis, for any f € H we can, for any ¢ > 0, find an h of the above
form such that || f — k|| < e so
! / ’ Vihdt

1 T
— Vi fdt
T/O o

By then choosing T sufficiently large we can make the second term less than

1
56. O

<leg
26

12.1.3 General considerations.

Let H be a self-adjoint operator on a separable Hilbert space H and let V; be
the one parameter group generated by H so

Vi i= exp(—iHt).

Let
H="H,DH.

be the decomposition of H into the subspaces corresponding to pure point spec-
trum and continuous spectrum of H.

Let {F.}, » = 1,2,... be a sequence of self-adjoint projections. (In the
application we have in mind we will let H = Lo(R™) and take F,. to be the
projection onto the completion of the space of continuous functions supported
in the ball of radius r centered at the origin, but in this section our considerations
will be quite general.) We let F) be the projection onto the subspace orthogonal
to the image of F. so

F :=1-F,.

Let
Mo = {f € H| lim sup (I — E)Vif||> = 0}, (12.1)
rT—00 te
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and

./\/loo:{fEH

1 T
lim f/ | E.Vif||2dt =0, for all r=1,2,... } (12.2)
T—oo T 0

Proposition 12.1.1 The following hold:
1. My and My are linear subspaces of H.
2. The subspaces My and M, are closed.
3. My is orthogonal to M.
4. Hp C M.
5. Ma CHe.
The following inequality will be used repeatedly: For any f,g € H
1f+ gl < I1f+ gl +ILf =gl = 21l £11* + 2llg]1? (12.3)

where the last equality is the theorem of Appolonius.

Proof of 1. Let f1, fo € My. Then for any scalars a and b and any fixed r and

t we have

(I = E)Vi(afy +bf2)1? < 2|al?||((I = Ep)Vefoll? + 20| — F)Vifal?

by (12.3). Taking separate sups over ¢ on the right side and then over ¢ on the

left shows that
sup I(I = F)Vi(afi +bfa)|?

< 2af? sup [[((7 — F)Vifrl® + 2/b sup [[((7 — FVifol?

for fixed r. Letting  — oo then shows that af; + bfy € M.
Let fi1, fo € Moo For fixed r we use (12.3) to conclude that

1 T
7 [ IEViGen + bp) P
0

2b?

2la]* [T 2 g 2
<20 [imvinipa+ 25 [ e vl
0 0

- T

Each term on the right converges to 0 as T' — oo proving that af; +bfs € M.

This proves 1).

Proof of 2. Let f, € Mj and suppose that f,, — f. Given € > 0 choose N so

that [|f, — f||> < %e for all n > N. This implies that

(I = EVA(f — fu)l? < i
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for all t and n since V; is unitary and I — F;. is a contraction. Then

e+ 2sup (I = F)Viful®

| =

sup (7 = F)Vif|I* <
for all n > N and any fixed r. We may choose r sufficiently large so that the
second term on the right is also less that %e. This proves that f € M.

Let f, € My and suppose that f, — f. Given € > 0 choose N so that
| fn — I < L€ for all n > N. Then

I ) 2 (7T )
— F.V,.fl“dt < —/ F.V.(f — fn)||“dt
7| iEvipa < 2 [ 1EvG - £l

+3 /TFVf |2 dt
T O rvrrJn

12 (7 )
<li2 / \EV, foPdt.
T 0

Fix n. For any given r we can choose T large enough so that the second term
on the right is < %e. This shows that for any fixed r we can find a Tj so that

1 (T
7 | Vs <
for all T' > Ty, proving that f € M. This proves 2).

Proof of 3. Let f € My and g € M, both # 0. Then
2 1 T 2
(Fof = 7 [ 1P
0
1 T
S RO
I )
= 1 [ 1@isg) + if By P
0
2 T / 2 2 4 2
< 7 [ IEmsvigPar+ L [ (i Fg) P
0 0

2 2 T
< 2l / FVL 2t + 21 £ / |F Vig]2dt
T T .

where we used the Cauchy-Schwarz inequality in the last step.
For any € > 0 we may choose 7 so that

€
IEViFIP < s
4flgll®

for all t. We can choose a T such that

€

AlLF

1 T
I RAZRE
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Plugging back into the last inequality shows that
((f9)f <e.

Since this is true for any € > 0 we conclude that f 1 g. This proves 3.
Proof of 4. Suppose Hf = Ef. Then

IRV = [ (e P NI = lle™ P FLF 1 = IELF1

But we are assuming that F — 0 in the strong topology. So this last expression
tends to 0 proving that f € Mg which is the assertion of 4).

Proof of 5. By 3) we have Mo, C Mg. By 4) we have Mg C Hy =H.. O
Proposition 12.1.1 is valid without any assumptions whatsoever relating H
to the F,.. The only place where we used H was in the proof of 4) where we
used the fact that if f is an eigenvector of H then it is also an eigenvector of of
V; and so we could pull out a scalar.
The goal is to impose sufficient relations between H and the F). so that

He C Mo (12.4)
If we prove this then part 5) of Proposition 12.1.1 implies that
He = Mo
and then part 3) says that
Mo C Mz =HE =H,.

Then part 4) gives
Mo =H,.

As a preliminary we state a consequence of the mean ergodic theorem:

12.1.4 Using the mean ergodic theorem.

Recall that the mean ergodic theorem says that if U; is a unitary one parameter
group acting without (non-zero) fixed vectors on a Hilbert space G then

1 T
for all ¥ € G. Let
G = H.QH,.

We know from our discussion of the spectral theorem (Proposition 10.12.1)
that H ® I — I ® H does not have zero as an eigenvalue acting on G. We may
apply the mean ergodic theorem to conclude that

T—o0

1 T )
lim — / e M@ eitHedt =0
T Jo
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for any e, f € H.. We have
(e, e I = (e f,e™ " f @ eMe).

We conclude that

1T 2

lim = | (e, Vif)Pdt=0 VeeH, feM.. (12.5)
0

Indeed, if e € H, this follows from the above, while if e € H,, the integrand is
identically zero.

12.1.5 The Amrein-Georgescu theorem.

We continue with the previous notation, and let E. : H — H, denote orthogonal
projection.
We let S,, and S be a collection of bounded operators on H such that

d [Snv H] =0,
e S, — S in the strong topology,
e The range of S is dense in H, and

e F.S,E, is compact for all » and n.

Theorem 12.1.4 [Armein-Georgescu.] Under the above hypotheses (12.4)
holds.

Proof. Since M is a closed subspace of H, to prove that (12.4) holds, it is
enough to prove that
DC My

for some set D which is dense in H.. Since S leaves the spaces H, and H.
invariant, the fact that the range of S is dense in ‘H by hypothesis, says that
SH, is dense in H.. So we have to show that

1 T
g=Sf. feH. = lim f/ B, Vigl|2dt = 0
T—>o<>T 0

for any fixed r. We may assume f # 0.
Let € > 0 be fixed. Choose n so large that

€
I8 = 51 < 5.
Any compact operator in a separable Hilbert space is the norm limit of finite

rank operators. So we can find a finite rank operator T such that

€

F.S,E,—Ty|?* < .
| ISCTIE
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Writing g = (S — S,,) f + Sp.f we conclude that

I 2 [T 2 ("
o[ UEvgPa < 2 [ IEVS - sofPars 2 [ IEVS, £
0 0 0
e 4 [T ) o A" )
= 3t7 [ FSnEe — TN |V S]] dt + = TN Vel|~dt
0 0
2 4"
< Ze+— 2dt.
< Gerg [ TP

To say that Ty is of finite rank means that there are g;, h; € H, i=1,... N < o0
such that

N
Tnf =2 (fhi)gs.
=1

2

Substituting this into 4 fOT | T Vi||2dt. gives
N
> Vet hi)gi

4 [T 4 (T
— TnVi||2dt = —
T/o [Tl T/o g

- I
D Y ORI

By (12.5) we can choose Ty so large that this expression is < § for all T' > Tp.
O

dt

Of course a special case of the theorem will be where all the S,, = S as will
be the case for Ruelle’s theorem for Kato potentials.

12.1.6 Kato potentials.

Let X = R™ for some n. A locally Lo real valued function on X is called a
Kato potential if for any « > 0 there is a 3 = 8(a) such that

Vel < allAy] + Bll4l| (12.6)

for all ¢ € C§°(X).
Clearly the set of all Kato potentials on X form a real vector space.
Examples of Kato potentials.

V € Ly(R3).

For example, suppose that X = R? and V € Ly(X). We claim that V is a Kato
potential. Indeed,
IVl = [[Vllz < V12019l co-

So we will be done if we show that for any a > 0 there is a b > 0 such that

[Pllee < allAtlla +bl[¢)]]2-



342 CHAPTER 12. MORE ABOUT THE SPECTRAL THEOREM

By the Fourier inversion formula we have

% ]loo < Il ]2

where 1[) denotes the Fourier transform of 1. Now the Fourier transform of A
is the function

& |IEIPY ()

where ||€]| denotes the Euclidean norm of €. Since 9 belongs to the Schwartz
space S, the function

& (L I€1%)w()
belongs to Lo as does the function

€ (1+lgl?)™

in three dimensions. Let A denote the function

&= [I€]l-

By the Cauchy-Schwarz inequality we have
1ol = 1((1+X%) 71 (14 A%)9)]
< el (A + DR < el A4l + cllbl2

where
A =14+ A) .

For any r > 0 and any function ¢ € S let ¢, be defined by

¢r(€) = r3p(r€).
Then
Idells = 16l Nldrllz =72 )|dll2, and [[A2¢,[|2 = r~ 2 [[A26]|2.
Applied to v this gives
19l < er 2 A%z + cr? |2

By Plancherel R R
NPl = 1A%]lz and [[¢]l2 = [¢]2-

This shows that any V' € Ly(R?) is a Kato potential.

V € Loo(X).
Indeed
VY2 < [[VIsoll®]|2-

If we put these two examples together we see that if V' = Vi + V5 where
Vi € Ly(R3) and Vi € Loo(R?) then V is a Kato potential.



12.1. BOUND STATES AND SCATTERING STATES. 343

The Coulomb potential.

The function 1

Ll

on R3 can be written as a sum V = V; + V5 where Vi € Ly(R?) and Va € Lo (R?)
and so is Kato potential.

Vi(x)

Kato potentials from subspaces.

Suppose that X = X; @ X, and V depends only on the X; component where it
is a Kato potential. Then Fubini implies that V' is a Kato potential if and only
if V is a Kato potential on X;.

So if X = R3N and we write € X as x = (z1,...,rx) where z; € R? then

1

 lw — ]

Vij

are Kato potentials as are any linear combination of them. So the total Coulomb
potential of any system of charged particles is a Kato potential.

By example 12.1.6, the restriction of this potential to the subspace {z| > m;x; =
0} is a Kato potential. This is the “atomic potential” about the center of mass.

12.1.7 Applying the Kato-Rellich method.
Theorem 12.1.5 Let V be a Kato potential. Then

H=A+V

is self-adjoint with domain D = Dom(A) and is bounded from below. Further-
more, we have an operator bound

A<aH+b (12.7)
where
a= andb:ﬁ(a), O0<a<l.
11—« 11—«

Proof. As a multiplication operator, V is closed on its domain of definition
consisting of all ¢ € Ly such that Vi € Ly. Since C§°(X) is a core for A, we
can apply the Kato condition (12.6) to all ¢ € Dom(A). Thus H is defined
as a symmetric operator on Dom(A). For Re z < 0 the operator (z — A)~1 is

bounded. So for Re z < 0 we can write
2l — H=[I-V(zI —A) (=l - A).
By the Kato condition (12.6) we have

V(2 — A)7Y| < a+ BRez| .
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If we choose a@ < 1 and then Re z sufficiently negative, we can make the right
hand side of this inequality < 1. For this range of z we see that R(z, H) =
(21 — H)™! is bounded so the range of zI — H is all of Ly. This proves that H
is self-adjoint and that its resolvent set contains a half plane Re z << 0 and so
is bounded from below. Also, for ¢ € Dom(A) we have

A = Hip — Vi)

SO

[AY| < [[HY[| + [Vl < [HY| + | Av| + B[1¥]]
which proves (12.7). O

12.1.8 Using the inequality (12.7).

Proposition 12.1.2 Let H be a self-adjoint operator on Lo(X) satisfying (12.7)
for some constants a and b. Let f € Loo(X) be such that f(x) — 0 as x — oo.
Then for any z in the resolvent set of H the operator

fR(z,H)
18 compact, where, as usual, f denotes the operator of multiplication by f,

Proof. Letp; = %% as usual, and let g € Lo (X™) so the operator g(p) is
)
defined as the operator which send 1 into the function whose Fourier transform

is £ — g(&)¥(£). The operator f(z)g(p) is the norm limit of the operators f, g,
where f,, is obtained from f by setting f, = 1p, f where B,, is the ball of radius
1 about the origin, and similarly for g. The operator f,(z)g,(p) is given by the
square integrable kernel

Kn(z,y) = fu(2)gn(z —y)
and so is compact. Hence f(x)g(p) is compact. We will take

1

9(p)

The operator (1 4+ A)R(z, H) is bounded. Indeed, by (12.7)
1L+ A) (I = H)"'9ll < 1+ a)l|H (2] — H)™ 'l + bl (R(z, H)Y)|

< X+ a)p[ + (alz| + b)[[R(z, H)||.
So
1

f(@)R(z, H) = f(z)m “(1+A)R(z, H)

is compact, being the product of a compact operator and a bounded operator.
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12.1.9 Ruelle’s theorem.

Let us take H = A +V where V is a Kato potential. Let F,. be the operator of
multiplication by 1p, so F, is projection onto the space of functions supported
in the ball B, of radius r centered at the origin. Take S = R(z, H), where z
has sufficiently negative real part. Then F,.SE, is compact, being the product
of the operator F.R(z, H) (which is compact by Proposition 12.1.2) and the
bounded operator E.. Also the image of S is all of H. So we may apply the
Amrein Georgescu theorem to conclude that Mg = H, and My = H..

12.2 Non-negative operators and quadratic forms.

12.2.1 Fractional powers of a non-negative self-adjoint op-
erator.

Let H be a self-adjoint operator on a separable Hilbert space H with spectrum
S. The spectral theorem tells us that there is a finite measure g on S x N and
a unitary isomorphism

UZHHLQZLQ(SXN,M)

such that UHU ! is multiplication by the function h(s,n) = s and such that
& € H lies in Dom(H) if and only if h - (UE) € Lo.
Clearly
(HE, ) =0

for all £ € H if and only if p assigns measure zero to the set {(s,n),s < 0}
in which case the spectrum of multiplication by h, which is the same as saying
that the spectrum of H is contained in [0, 00). When this happens, we say that
H is non-negative.

We say that H > ¢ if H — ¢l is non-negative.

If H is non-negative, and A > 0, we would like to define H* as being unitarily
equivalent to multiplication by h*. As the spectral theorem does not say that
the p, Lo, and U are unique, so we have to check that this is well defined.

For this consider the function f on R defined by

fla) = —

LTSS
By the functional calculus, f(H) is well defined, and in any spectral representa-
tion goes over into multiplication by f(h) which is injective. So K = f(H) ' —1
is a well defined (in general unbounded) self-adjoint operator whose spectral rep-
resentation is multiplication by A*. But the expression for K is independent of
the spectral representation. This shows that H* = K is well defined.

Proposition 12.2.1 Let H be a self-adjoint operator on a Hilbert space H and
let Dom(H) be the domain of H. Let 0 < A < 1. Then f € Dom(H) if and only
if f € Dom(H?) and H*f € Dom(H'=*) in which case

Hf=H"Hf.
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In particular, if \ = L, and we define By(f,g) for f,g € Dom(H?) by

By(f.g) = (H=f H?g),

then f € Dom(H) if and only if f € Dom(H%) and also there exists a k € H
such that

By(f.g) = (k.g) ¥ g€ Dom(H?)

in which case
Hf =k.

Proof. For the first part of the Proposition we may use the spectral represen-
tation: The Proposition then asserts that f € Lo satisfies [ |h|?|f|?du < oo if
and only if

Jas PP <00 and [+ POV Pl < oo

which is obvious, as is the assertion that then hf = h1=*(h*f).

The assertion that there exists a k such that By(f,g9) = (k,g) Vg €
Dom(H?) is the same as saying that H2 f € Dom((H?2)*) and (H2)*H?= f = k.
But H? = (H 3 )* so the second part of the proposition follows from the first. O

12.2.2 Quadratic forms.

The second half of Proposition 12.2.1 suggests that we study non-negative
sesquilinear forms defined on some dense subspace D of a Hilbert space H.
So we want to study

B: DxD—-C

such that

e B(f,g) is linear in f for fixed g,

* B(g,f) = B(f.9), and

* B(f,f) =0.

Of course, by the usual polarization trick such a B is determined by the corre-
sponding quadratic form

Q(f) = B(f, [)-

We would like to find conditions on B (or Q) which guarantee that B = By for
some non-negative self adjoint operator H as given by Proposition 12.2.1.
That some condition is necessary is exhibited by the following
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counterexample.

Let H = Lo(R) and let D consist of all continuous functions of compact support.
Let

B(f,9) = f(0)g(0).

The only candidate for an operator H which satisfies B(f,g) = (Hf,g) is the
“operator” which consists of multiplication by the delta function at the origin.
But there is no such operator.

Consider a sequence of uniformly bounded continuous functions f, of com-
pact support which are all identically one in some neighborhood of the ori-
gin and whose support shrinks to the origin. Then f, — 0 in the norm
of H. Also, Q(fn — Jmy fn — fm) = 0, so Q(fn = Jms Jn — fm) — 0. But
Q(fn, fn) =1#0=Q(0,0). So D is not complete for the norm || - ||y

£l = (QUF) + |1 F12)%.

Consider a function g € D which equals one on the interval [—1,1] so that
(9,9) = 1. Let g, := g— f, with f,, as above. Then g,, — g in H yet Q(g,) = 0.
So @ is not lower semi-continuous as a function on D.

We recall the definition of lower semi-continuity:

12.2.3 Lower semi-continuous functions.

Let X be a topological space, and let @ : X — R be a real valued function. Let
zo € X. We say that @ is lower semi-continuous at xg if, for every ¢ > 0
there is a neighborhood U = U(zg,€) of z( such that

Q(z) < Q(wg) +¢ YVazel.

We say that @ is lower semi-continuous if it is lower semi-continuous at all
points of X.

Proposition 12.2.2 Let {Qu}aer be a family of lower semi-continuous func-
tions. Then

Q= supQq

1s lower semi-continuous. In particular, the pointwise limit of an increasing
sequence of lower-semicontinuous functions is lower semi-continuous.

Proof. Let zp € X and € > 0. There exists an index « such that Q,(zo) >
Q(zo) — %6. Then there exists a neighborhood U of zg such that Q. (z) >
Qa(x0) — %€ for all z € U and hence

Q) > Qalz) > Q(zg) — eV elU. O

It is easy to check that the sum and the inf of two lower semi-continuous func-
tions is lower semi-continuous.
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12.2.4 The main theorem about quadratic forms.

Let H be a separable Hilbert space and @) a non-negative quadratic form defined
on a dense domain D C ‘H. We may extend the domain of definition of @ by
setting it equal to +oo at all points of H \ D. Then we can say that the domain
of @ consists of those f such that Q(f) < co. This will be a little convenient in
the formulation of the next theorem.

Theorem 12.2.1 The following conditions on Q are equivalent:

1. There is a non-negative self-adjoint operator H on H such that D =
1
Dom(H?z) and
1
Q(f) = |H=f|.
2. @Q is lower semi-continuous as a function on H.

3. D =Dom(Q) is complete relative to the norm

171l = (IF12 + Q)

Proof.

1. implies 2. As H is non-negative, the operators nl + H are invertible with
bounded inverse, and (nl + H)~! maps H onto the domain of H. Consider the
quadratic forms

Qu(f) = (nH(nl + H)™'f, f) = (HI +n~"H)7'f, f)

which are bounded and continuous on all of H. In the spectral representation
of H, the space H is unitarily equivalent to La(S, u) where S = Spec(H) x N
and H goes over into multiplication by the function h where

h(s, k) =s.

The quadratic forms Q,, thus go over into the quadratic forms Q,, where

~ nh
A (g) = .ad
@n(9) / e AL
for any g € Lo(S, pt). The functions

nh
n—+h

form an increasing sequence of functions on S, and hence the functions @,, form
an increasing sequence of continuous functions on H. Hence their limit is lower
semi-continuous. In the spectral representation, this limit is the quadratic form

gH/hg-Edu
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which is the spectral representation of the quadratic form Q.

2. implies 3. Let {f,} be a Cauchy sequence of elements of D relative to
Il - |l1. Since || - || < || - |l1, {fn} is Cauchy with respect to the norm || - | of H
and so converges in this norm to an element f € H. We must show that f € D
and that f,, — f in the || - ||; norm. Let € > 0. Choose N such that

[ fm = fullf = QUfm — fu) + | fm — fal? <€ ¥ m,n> N.

Let m — oo. By the lower semi-continuity of () we conclude that

QU = f) +If = ful* <€
and hence f € D and ||f — fu|1 <e O

3. implies 1. Let H; denote the Hilbert space D equipped with the || - |1
norm. Notice that the scalar product on this Hilbert space is

where B(f, f) = Q(f). The original scalar product (-, ) is a bounded quadratic
form on H;p, so there is a bounded self-adjoint operator A on H; such that
0<A<1and
(fag):(Afag)l Vf,QEHl.

Now apply the spectral theorem to A. So there is a unitary isomorphism U of
Hy with La(S, ) where S = [0,1] x N such that UAU ! is multiplication by
the function a where a(s,k) = s. Since (Af, f)1 = 0= f = 0 we see that the
set {0, %)} has measure zero relative to p so a > 0 except on a set of  measure

zero. So the function
h=a1-1

is well defined and non-negative almost everywhere relative to p. We have
a=(1+h)"!and

1
(f,g)=/smfgdu

while

Qf.)+ (19) = (f.9 = [ fadn.
Define the new measure v on S by

1

V:mﬂ

Then the two previous equations imply that H is unitarily equivalent to Lo (S, v),
ie.

(f.9) = /S fgdv
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and

Qf.g) = /S hfgdv.

This last equation says that @ is the quadratic form associated to the operator
H corresponding to multiplication by h. [

12.2.5 Extensions and cores.

A form @ satisfying the condition(s) of Theorem 12.2.1 is said to be closed.
A form @5 is said to be an extension of a form @, if it has a larger domain
but coincides with Q1 on the domain of J1. A form (@ is said to be closable if
it has a closed extension, and its smallest closed extension is called its closure
and is denoted by Q. If @ is closable, then the domain of Q is the completion
of Dom(Q) relative to the metric || - ||; in Theorem 12.2.1. In general, we
can consider this completion; but only for closable forms can we identify the
completion as a subset of H. A subset D of Dom(Q) where @ is closed is called
a core of Q if ) is the completion of the restriction of @ to D.

Proposition 12.2.3 Let Q1 and Q2 be quadratic forms with the same dense
domain D and suppose that there is a constant ¢ > 1 such that

'QI(f) € Qa(f) <ei(f) VYV feD.

If Q1 is the form associated to a mon-negative self-adjoint operator Hy as in
Theorem 12.2.1 then Qs is associated with a self-adjoint operator Ha and

1

3

Dom(H;) = Dom(HZ) = D.

Proof. The assumption on the relation between the forms implies that their
associated metrics on D are equivalent. So if D is complete with respect to
one metric it is complete with respect to the other, and the domains of the
associated self-adjoint operators both coincide with D.

12.2.6 The Friedrichs extension.

Recall that an operator A defined on a dense domain D is called symmetric if

A symmetric operator is called non-negative if

(Af,f) =20

Theorem 12.2.2 [Friedrichs.] Let Q) be the form defined on the domain D of
a symmetric operator A by

Q(f) = (Af, f)-

Then Q is closable and its closure is associated with a self-adjoint extension H
of A.
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Proof. Let H; be the completion of D relative to the metric || - |1 as given in
Theorem 12.2.1. The first step is to show that we can realize H; as a subspace
of H. Since ||f]l < ||fll1, the identity map f — f extends to a contraction
C :'Hi — H. We want to show that this map is injective. Suppose not, so that
Cf =0 for some f # 0 € H;. Thus there exists a sequence f,, € D such that

If = fulli =0 and [|fu]l — 0.

So

m—00 N—00

m—00 N—00

= lim [(Afin,0) + (fm,0)] = 0.

So C' is injective and hence @ is closable. Let H be the self-adjoint operator
associated with the closure of (). We must show that H is an extension of A.
For f,g € D C Dom(H) we have

(H:f,H%g) = Q(f.9) = (Hf,g).

Since D is dense in Hi, this holds for f € D and g € H;. By Proposition 12.2.1
this implies that f € Dom(H). In other words, H is an extension of A. O

12.3 Dirichlet boundary conditions.

In this section © will denote a bounded open set in RY, with piecewise smooth
boundary, ¢ > 1 is a constant, b is a continuous function defined on the closure
Q of Q satisfying

cl<bz)y<e Yore

and
a = (ai;) = (ai;(x))
is a real symmetric matrix valued function of x defined and continuously differ-
entiable on ) and satisfying
c I <a(zx)<c Vaze
Let
Hp := Lo(Q,bd™ z).

We let C°°(92) denote the space of all functions f which are C* on  and all
of whose partial derivatives can be extended to be continuous functions on €.
We let B -

C§e(Q) c C™(Q)
denote those f satisfying f(x) = 0 for z € 9.
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For f € C§°(2) we define Af by

N

Af(e) = =bo) 3 g (sl L))

i,j=1

Of course this operator is defined on C°°(2) but for f,g € C5°(Q) we have, by
Gauss’s theorem (integration by parts)

N

13} of _
aran=-[ (35 (5L ) | aaa

/Z ”gf o9 dN = (f, Ag)p.

So if we define the quadratic form

_ Of 99 N
) _/Q%:a”axi axjd z, (12.8)

then @) is symmetric and so defines a quadratic form associated to the non-
negative symmetric operator H. We may apply the Friedrichs theorem to con-
clude the existence of a self adjoint extension H of A which is associated to the
closure of Q.

The closure of @ is complete relative to the metric determined by Theorem
12.2.1. But our assumptions about b and a guarantee the metrics of quadratic
forms coming from different choices of b and a are equivalent and all equivalent
to the metric coming from the choice b =1 and a = (4;;) which is

172 = / (IF12 + IV £[2) dVa, (12.9)
Q
where
Vfi=0f®0fd - -®Onf
and

IVfP(@) = (01 f ()" + -+ (On f(2)*.
To compare this with Proposition 12.2.3, notice that now the Hilbert spaces Hj

will also vary (but are equivalent in norm) as well as the metrics on the domain
of the closure of Q.

12.3.1 The Sobolev spaces W2(Q) and W,*(Q).

Let us be more explicit about the completion of C°°(Q2) and C§°(€2) relative to
this metric. If f € Lo(Q, d™Vx) then f defines a linear function on the space of
smooth functions of compact support contained in 2 by the usual rule

Cp () = quSde YV ¢ e Cx(Q).
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We can then define the partial derivatives of f in the sense of the theory of
distributions, for example

lo.1(6) = — /Q f(@:d)dVe.

These partial derivatives may or may not come from elements of Lo(2,d™x).
We define the space W2(Q) to consist of those f € Lo(Q,dNx) whose first
partial derivatives (in the distributional sense) 0;,f = Jf/0x; all come form
elements of Ly(Q2,dVx). We define a scalar product (, ); on W12(Q) by

(f,9)1:= /Q {f(z)m+w(x) : Vg(x)}de. (12.10)

It is easy to check that W2(Q) is a Hilbert space, i.e. is complete. Indeed,
if f, is a Cauchy sequence for the corresponding metric |1, then f, and the
O; fn are Cauchy relative to the metric of Lo(Q,dVx), and hence converge in
this metric to limits, i.e.

fo—f and 0if, — g i=1,...N

for some elements f and g1, ...gnx of La(Q, dVx). We must show that g; = 0; f.
But for any ¢ € C°(2) we have

ly,(9) = (9:,9)
which says that g; = 0, f.
We define W, () to be the closure in W12(Q) of the subspace C2°(Q).
Since C°(Q) C C§°(92) the domain of @, the closure of the form @ defined by

(12.8) on C§°(Q) contains Wy2(€2).
We claim that

Lemma 12.3.1 C%°(Q) is dense in C5°(2) relative to the metric || - |1 given by
(12.9).

Proof. By taking real and imaginary parts, it is enough to prove this theorem
for real valued functions. For any € > 0 let F, be a smooth real valued function
on R such that

o F(x)=a V|z| > 2
e F.(x)=0 V]z|<e
o |F.(z)|<|z| VzeR
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e 0<F!/(z) <3 VxzeR

For f € C5°(9) define

so F. € C (). Also,
L) < 1@)] and T fi(x) = (@) ¥ @ € 0.

So the dominated convergence theorem implies that ||f — fe|l2 — 0. We have to
establish convergence in Lo of the derivatives.

Consider the set B C 2 where f = 0 and V(f) # 0. By the implicit function
theorem, this is a union of hypersurfaces, and so has measure zero. We have

/ V() — V() PaNe = / BLGECAIGE

On all of Q we have |0;(f¢)| < 3|0;f] and on Q\ B we have 0;f.(z) — 0;f(x).
So the dominated convergence theorem proves the Ls convergence of the partial
derivatives. [

As a consequence, we see that the domain of Q is precisely W, *(Q).

12.3.2 Generalizing the domain and the coefficients.

Let 2 be any open subset of R", let b be any measurable function defined on )
and satisfying

cl<bz)<e Yre
for some ¢ > 1 and a a measurable matrix valued function defined on €2 and
satisfying

clI<(z)<e Vzeq.

We can still define the Hilbert space
Hp := Lo(9,bd" x)

as before, but can not define the operator A as above. Nevertheless we can
define the closed form

o 3f89N
Q) = ‘é§jwa e

on WO1 2(Q) which we know to be closed because the metrlc 1t determines by
Theorem 12.2.1 is equivalent as a metric to the norm on WO (Q) Therefore,
by Theorem 12.2.1, there is a non-negative self-adjoint operator H such that

(H:f,H%g), = Q(f.g) ¥ f.g€ Wy*(Q).
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12.3.3 A Sobolev version of Rademacher’s theorem.

Rademacher’s theorem says that a Lipschitz function on R¥ is differentiable al-
most everywhere with a bound on its derivative given by the Lipschitz constant.
The following is a variant of this theorem which is useful for our purposes.

Theorem 12.3.1 Let f be a continuous real valued function on RN which van-
ishes outside a bounded open set Q0 and which satisfies

[f(@) = f@)l <clla—yll ¥Yazy eRY (12.11)
for some ¢ < co. Then f € W&’Q(Q).
We break the proof up into several steps:

Proposition 12.3.1 Suppose that f satisfies (12.11) and the support of f is
contained in a compact set K. Then

fe WhARY)
and
113 = /RN (IfF +[Vf?) d¥a < |K|c*(N + diam(K))

where |K| denotes the Lebesgue measure of K.
Proof. Let k be a C* function on RY such that

o k(z)=0if [z| >1,

o k(x)>0if ||| <1, and

o [onk(z)dNz =1
Define kg by

So
o ky(x)=0if ||z| > s,
o ky(x) > 0if [|z|| < s, and
o [on ks(x)dNaz =1.
Define p, by
ps(x) == /]RN ko(z — 2)f(2)dNy

SO ps is smooth,
supp ps C K, = {.’El d(va) < S}

and

pi@) =) = [ (Glo=2) = fly = 2) k()"



356 CHAPTER 12. MORE ABOUT THE SPECTRAL THEOREM

SO
Ips(z) — ps(y)| < cllz —yl.

This implies that | Vps(2)|| < ¢ so the mean value theorem implies that sup,cpn~ |ps(x)| <
c-diam K, and so
Ipsli < [Ks]e*(diam K3 + N).

By Plancherel
Il = [ 1+ I s
RN

and since convolution goes over into multipication
Bs(€) = F(&)h(s€)
where
h(g) = / k(@) €dN z,
RN
The function h is smooth with h(0) = 1 and |h(§)| < 1 for all £. By Fatou’s

lemma

[[£1lx

[ o leniorae

< tmnf [ (L[PG LA
S— R

= liminf;)HpSH%

< |K|A(N 4 diam(K)?). O

The dominated convergence theorem implies that

If=psf—0

as s — 0. But the support of ps is slightly larger than the support of f, so we
are not able to conclude directly that f € WO1 2(Q) So we first must cut f down
to zero where it is small. We do this by defining the real valued functions ¢, on
R by

0 if [s|] <e
) s if |s| > 2e
Oels) = 2(s—e) if €< s< 2

2(s+¢€) if —2e<s<—e¢

Then set fo = ¢.(f). If O is the open set where f(x) # 0 then f. has its
support contained in the set S, consisting of all points whose distance from the
complement of O is > ¢/c. Also

|fe(z) = fe(w)| < 2[f(z) = f(y)] < 2/|lz —yl.
So we may apply the preceding result to f. to conclude that f. € WH2(RY) and
IF17 < 4|Se|e*(N + diam (0)?)
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and then by Fatou applied to the Fourier transforms as before that
I£17 < 4[O]¢*(N + diam (0)).

Also, for e sufficiently small f. € Wy*(€2). So we will be done if we show that
Ilfe — fll = 0 as € — 0. The set L. on which this difference is # 0 is contained
in the set of all « for which 0 < |f(x)| < 2e which decreases to the empty set as
€ — 0. The above argument shows that

Ilf = felli < 4|Lec®(N +diam (Lo)?) — 0. O

12.4 Rayleigh-Ritz and its applications.

12.4.1 The discrete spectrum and the essential spectrum.

Let H be a self-adjoint operator on a Hilbert space H and let 0 = o(H) C R
denote is spectrum.

The discrete spectrum of H is defined to be those eigenvalues A of H
which are of finite multiplicity and are also isolated points of the spectrum.
This latter condition says that there is some € > 0 such that the intersection of
the interval (A — €, A\ + €) with o consists of the single point {\}. The discrete
spectrum of H will be denoted by o4(H) or simply by o4 when H is fixed in
the discussion.

The complement in o4(H) in o(H) is called the essential spectrum of H
and is denoted by oess(H) or simply by oess when H is fixed in the discussion.

12.4.2 Characterizing the discrete spectrum.

If A € 04(H) then for sufficiently small ¢ > 0 the spectral projection P =
P((A—¢€, A+€)) has the property that it is invariant under H and the restriction
of H to the image of P has only A in its spectrum and hence P(H) is finite
dimensional, since the multiplicity of A is finite by assumption.

Conversely, suppose that A € o(H) and that P(A — ¢, A + ¢€) is finite di-
mensional. This means that in the spectral representation of H, the subset
E()\fe,)\+e) of

S=0cxN

consisting of all
(s,n)]A—e<s<I\+¢€}

has the property that
L2(E(>\—e,>\+s)7 dﬂ)

is finite dimensional. If we write

Bieento = [JOA—e X+ x {n}
neN
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then since .
Ly(E-enie) = EPLa((A — &, A +€), {n})

we conclude that all but finitely many of the summands on the right are zero,
which implies that for all but finitely many n we have

w((A—e,A+¢) x{n})=0.

For each of the finite non-zero summands, we can apply the case N = 1 of the
following lemmas:

Lemma 12.4.1 Let v be a measure on RN such that Ly (RN, v) is finite dimen-
sional. Then v is supported on a finite set in the sense that there is some finite
set of m distinct points x1,...,xy, each of positive measure and such that the
complement of the union of these points has v measure zero.

Proof. Partition RY into cubes whose vertices have all coordinates of the form
t/2" for an integer r and so that this is a disjoint union. The corresponding
decomposition of the Ly spaces shows that only finite many of these cubes have
positive measure, and as we increase r the cubes with positive measure are
nested downward, and can not increase in number beyond n = dim Lo(RY, v/).
Hence they converge in measure to at most n distinct points each of positive v
measure and the complement of their union has measure zero. [

We conclude from this lemma that there are at most finitely many points
(sr, k) with s, € (A — €, A + €) which have finite measure in the spectral repre-
sentation of H, each giving rise to an eigenvector of H with eigenvalue s,., and
the complement of these points has measure zero. This shows that A € o4(H).
We have proved

Proposition 12.4.1 X\ € o(H) belongs to o4(H) if and only if there is some
€ > 0 such that P((A — e, A+ ¢€))(H) is finite dimensional.

12.4.3 Characterizing the essential spectrum
This is simply the contrapositive of Prop. 12.4.1:

Proposition 12.4.2 )\ € o(H) belongs to oess(H) if and only if for every e > 0
the space

P(A—e,A+¢€)(H)

18 infinite dimensional.

12.4.4 Operators with empty essential spectrum.

Theorem 12.4.1 The essential spectrum of a self adjoint operator is empty if
and only if there is a complete set of eigenvectors of H such that the correspond-
ing eigenvalues \,, have the property that |A,| — 0o as n — oo.
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Proof. If the essential spectrum is empty, then the spectrum consists of
eigenvalues of finite multiplicity which have no accumulation finite point, and
so must converge in absolute value to co. Enumerate the eigenvalues according
to increasing absolute value. Each has finite multiplicity and so we can find
an orthonormal basis of the finite dimensional eigenspace corresponding to each
eigenvalue. The eigenvectors corresponding to distinct eigenvalues are orthogo-
nal. So what we must show is that the space spanned by all these eigenvectors is
dense. Suppose not. The space L orthogonal to all the eigenvectors is invariant
under H. If this space is non-zero, the spectrum of H restricted to this subspace
is not empty, and is a subset of the spectrum of H. So there will be eigenvectors
in L, contrary to the definition of L.

Conversely, suppose that the conditions hold. Let f,, be the complete set
of eigenvectors. Since the set of eigenvalues is isolated, we will be done if we
show that they constitute the entire spectrum of H. Suppose that z does not
coincide with any of the A,. We must show that the operator zI — H has a
bounded inverse on the domain of H, which consists of all f =" ayf, such
that > |a,|? < 0o and > A2|a,|? < co. But for these f

(2] — H)f||?> = Z|z—A Plan|® > 117

where ¢ = min, |\, — 2| > 0. O
There are some immediate consequences which are useful to state explicitly.

Corollary 12.4.1 Let H be a non-negative self adjoint operator on a Hilbert
space H. The following conditions on H are equivalent:

1. The essential spectrum of H is empty.

2. There exists an orthonormal basis of H consisting of eigenvectors f, of
H, each with finite multiplicity with eigenvalues X\, — oo.

3. The operator (I + H)™! is compact.

Since there are no negative eigenvalues, we know that 1) and 2) are equivalent.
We must show that 2) and 3) are equivalent. If (I + H)~! is compact, we know
that there is an orthonormal basis {f,} of H consisting of eigenvectors with
eigenvalues i, — 0. (We know from the spectral theorem that (I + H)~*
unitarily equivalent to multiplication by the positive function 1/(1 + k) and so
(I + H)~! has no kernel.) Then the {f,} constitute an orthonormal basis of H
consisting of eigenvectors with eigenvalues \,, = p, ! — oo.

Conversely, suppose that 2) holds. Consider the finite rank operators A,
defined by

n

fi)ti-

Then

[e )

I(I+H)™ f — A f]| = Z

=n-+

I1/1-

IS T
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This shows that n(I + H)~! can be approximated in operator norm by finite
rank operators. So we need only apply the following characterization of compact
operators which we should have stated and proved last semester:

12.4.5 A characterization of compact operators.

Theorem 12.4.2 An operator A on a separable Hilbert space H is compact
if and only if there exists a sequence of operators A, of finite rank such that
A, — A in operator norm.

Proof. Suppose there are A,, — A in operator norm. We will show that the
image A(B) of the unit ball B of H is totally bounded: Given ¢ > 0, choose
n sufficiently large that |A — A, || < Le, so the image of B under A — A, is
contained in a ball of radius Je. Since A, is of finite rank, A, (B) is contained in
a bounded region in a finite dimensional space, so we can find points x1, ..., Tk
which are within a distance e of any point of A,,(B). Then the z1,...,zy are
within distance € of any point of A(B) which says that A(B) is totally bounded.

Conversely, suppose that A is compact. Choose an orthonormal basis {fx}
of H. Let P, be orthogonal projection onto the space spanned by the first n
elements of of this basis. Then A, := P, A is a finite rank operator, and we will
prove that A, — A. For this it is enough to show that (I — P,) converges to
zero uniformly on the compact set A(B). Choose 1, ...,z in this image which
are within %e distance of any point of A(B). For each fixed j we can find an
n such that ||P,z — z| < 4e. This follows from the fact that the {fx|| form an
orthonormal basis. Choose n large enough to work for all the ;. Then for any

x € A(B) we have
[1Prw — || < |l —ajll + | Pazj — 2]
We can choose j so that the first term is < %e and the second term is < %6 for
any j. U
12.4.6 The variational method.

Let H be a non-negative self-adjoint operator on a Hilbert space H. For any
finite dimensional subspace L of H with L C D = Dom(H) define

ML) == sup{(Hf, f)|f € L and [|f[| = 1}.
Define
A, =1inf{A(L), |L CD, and dimL = n}. (12.12)

The A, are an increasing family of numbers. We shall show that they constitute
that part of the discrete spectrum of H which lies below the essential spectrum:

Theorem 12.4.3 Let H be a non-negative self-adjoint operator on a Hilbert
space H. Define the numbers A, = A\, (H) by (12.12). Then one of the following
three alternatives holds:
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1. H has empty essential spectrum. In this case the \, — oo and coin-
cide with the eigenvalues of H repeated according to multiplicity and listed
in increasing order, or else H is finite dimensional and the A, coincide
with the eigenvalues of H repeated according to multiplicity and listed in
increasing order.

2. There exists an a < oo such that A, < a for all n, and lim,, .o A\, =
a. In this case a is the smallest number in the essential spectrum of H
and o(H) N [0,a) consists of the A\, which are eigenvalues of H repeated
according to multiplicity and listed in increasing order.

8. There exists an a < oo and an N such that \,, < a forn < N and A\, = a
for all m > N. Then a is the smallest number in the essential spectrum
of H and o(H) N[0, a) consists of the A1, ..., AN which are eigenvalues of
H repeated according to multiplicity and listed in increasing order.

Proof. Let b be the smallest point in the essential spectrum of H (so b = oo
in case 1.). So H has only isolated eigenvalues of finite multiplicity in [0,d)
and these constitute the entire spectrum of H in this interval. Let {f} be
an orthonormal set of these eigenvectors corresponding to these eigenvalues
listed (with multiplicity) in increasing order.

Let M,, denote the space spanned by the first n of these eigenvectors, and

let f € M,. Then f=3"_,(f, f;)f; so

Hf =Y ui(f. 1)1

Jj=1

and so

(HF ) =l (F )P < S )P = i £
j=1 j=1

SO
An <l

In the other direction, let L be an n-dimensional subspace of Dom(H) and let
P denote orthogonal projection of H onto M,,_1 so that

n—1

Pf=>Y (f 1)l

j=1

The image of P restricted to L has dimension n— 1 while L has dimension n. So
there must be some f € L with Pf = 0. By the spectral theorem, the function
f = Uf corresponding to f is supported in the set where h > u, and hence

(HFf, f) > pnllf||* so

There are now three cases to consider: If b = 400 (i.e. the essential spectrum of
H is empty) the A\, = u, can have no finite accumulation point so we are in case
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1). If there are infinitely many p,, in [0,b) they must have finite accumulation
point a < b, and by definition, a is in the essential spectrum. Then we must
have a = b and we are in case 2). The remaining possibility is that there are
only finitely many p1,...ua < b. Then for k < M we have Ay = pi as above,
and also A, > b for m > M. Since b € oess(H), the space

K:=Pb-¢b+e)H

is infinite dimensional for all € > 0. Let {f1, f2,..., } be an orthonormal basis
of K, and let L be the space spanned by the first m of these basis elements. By
the spectral theorem, (H f, f) < (b+¢)| f||? for any f € L. so for all m we have
Am < b+e. So we are in case 3). O

In applications (say to chemistry) one deals with self-adjoint operators which
are bounded from below, rather than being non-negative. But this requires just
a trivial shift in stating and applying the preceding theorem. In some of these
applications the bottom of the essential spectrum is at 0, and one is interested
in the lowest eigenvalue A; which is negative.

12.4.7 Variations on the variational formula.
An alternative formulation of the formula.

Instead of (12.12) we can determine the A, as follows: We define \; as before:

L)
MERRT

Suppose that f; is an f which attains this minimum. We then know that f; is
an eigenvector of H with eigenvalue A;. Now define

min A S)
2015 (f, f)

This Ay coincides with the Ay given by (12.12) and an fs which achieves the
minimum is an eigenvector of H with eigenvalue A;. Proceeding this way, af-
ter finding the first n eigenvalues \i,..., A, and corresponding eigenvectors
fi,..., fn we define

(Hf, f)
min .
A0 LA fLfafLfn (f, f)

)\n—i-l =
This gives the same \;, as (12.12).

Variations on the condition L C Dom(H).

In some applications, the condition L C Dom(H) is unduly restrictive, especially
when we want to compare eigenvalues of different self adjoint operators. In these
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applications, one can frequently find a common core D for the quadratic forms
Q associated to the operators. That is,

D C Dom(H?)
and D is dense in Dom(H2) for the metric || - ||, given by

IF1T = QCf. ) + I£II?

where

QU f)=(H, [)
Theorem 12.4.4 Define

Ao = inf{A(L), |L C Dom(H)
N = inf{\(L), |[LCD
N = inf{A(L), |L C Dom(H?).

Then
A=A =N,

Proof.  We first prove that A, = X’. Since D C Dom(H?z) the condition
L C D implies L € Dom(H?2) so
Ao > AN Yo,
Conversely, given € > 0 let L € Dom(H?2) be such that L is n-dimensional and
ML) <\ +e.

Restricting @ to L x L, we can find an orthonormal basis fi,..., f, of L such
that

Q(fi, [;) =70, 0< 7 <+, = AD).
We can then find g; € D such that ||g; — fil]1 < € for all ¢ = 1,...,n. This
means that
la;; — dij| < cne, where a;; := (gs,95)
and
|bij — 7idij| < e where b;; == Q(9:,95),
and the constants ¢,, and ¢, depend only on n.

Let L’ be the space spanned by the g;. Then L’ is an n-dimensional subspace
of D and

AL') = SUP{Z bijziZj] Zaz‘jzﬁj <1}
ij=1 i

satisfies
ML) = N < e
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where ¢]! depends only on n. Letting e — 0 shows that A}, < A/

To complete the proof of the theorem, it suffices to show that Dom(H) is a
core for Dom(H?2). This follows from the spectral theorem: The domain of H
is unitarily equivalent to the space of all f such that

/S(l + h(s,n)})|f(s,n)|?du < 0o

where h(s,n) = s. This is clearly dense in the space of f for which

1]l = /Su Iy < oo

since h is non-negative and finite almost everywhere.

12.4.8 The secular equation.

The definition (12.12) makes sense in a real finite dimensional vector space. If
@ is a real quadratic form on a finite dimensional real Hilbert space V', then we
can write Q(f) = (H f, f) where H is a self-adjoint (=symmetric) operator, and
then find an orthonormal basis according to (12.12). In terms of such a basis
fi,--+5 fn, we have

QU = M where f=3 rifi
k

If we consider the problem of finding an extreme point of Q(f) subject to the
constraint that (f, f) = 1, this becomes (by Lagrange multipliers), the problem
of finding A and f such that

dQr = XdSy,where S(f)=(f, f)-

In terms of the coordinates (ri,...,7,) we have

1 1
§de = (p17r1,. .., unry) while §de =(ry,...,rn)-

So the only possible values of A are A\ = p; for some ¢ and the corresponding f
is given by r; =0, j # ¢ and r; # 0. This is a watered down version version of
Theorem 12.4.3. In applications, one is frequently given a basis of V' which is
not orthonormal. Thus (in terms of the given basis)

QUf) = Z Hijrirj, and S(f) = Z Sijrirs

where
f= Z rifi.

The problem of finding an extreme point of Q(f) subject to the constraint
S(f) =1 becomes that of finding A and r = (r1,...,7y) such that

dQs = Sy
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ie.
Hyip —AS11 Hig —ASi2 -+ Hip — ASi, 1
z : : s =0
Hnl - )\Snl Hn2 - )\Sn2 o Hnn - )\Snn Tn
As a condition on A this becomes the algebraic equation
Hi1 —AS11 Hia—ASi2 -+ Hip — ASi
det : : : : =0
Hnl - )\Snl Hn2 - )\SnZ o Hnn - /\Snn

which is known as the secular equation due to its previous use in astronomy to
determine the periods of orbits.

12.5 The Dirichlet problem for bounded domains.

Let © be an open subset of R™. The Sobolev space W12(Q) is defined as the
set of all f € Ly(Q, dx) (where dx is Lebesgue measure) such that all first order
partial derivatives 0; f in the sense of generalized functions belong to L2 (€2, dx).
On this space we have the Sobolev scalar product

(f,91 = /(f(m)?(x) + Vf(z)-Vg(x))dz.

It is not hard to check (and we will do so within the next three lectures) that
Wh2(Q) with this scalar product is a Hilbert space. We let C§°(£2) denote the
space of smooth functions of compact support whose support is contained in 2,
and let W, %(Q) denote the completion of C5°(£2) with respect to the norm ||-||;
coming from the scalar product (-,-);.

We will show that A defines a non-negative self-adjoint operator with domain
WO1 2 (©2) known as the Dirichlet operator associated with Q. I want to postpone
the proofs of these general facts and concentrate on what Rayleigh-Ritz tells us
when €2 is a bounded open subset which we will assume from now on.

We are going apply Rayleigh-Ritz to the domain D(Q2) and the quadratic

form Q(f) = Q(f, f) where
Q(f.9) = /Q Vf(z) - VG(x)da.

Define
An () := inf{\(L)|L C C§°(R), dim(L) =n}
where

ML) =supQ(f), feL, [If|=1

as before.
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Here is the crucial observation: If @ C Q' are two bounded open regions
then
An(92) > X, ()

since the infimum for €2 is taken over a smaller collection of subspaces than for
Q.

Suppose that € is an interval (0, a) on the real line. Fourier series tells us that
the functions f = sin(wkz/a) form a basis of Lo(£2,dz) and are eigenvectors
of A with eigenvalues k?a?. By Fubini we get a corresponding formula for any
cube in R™ which shows that (I + A)~! is a compact operator for the case of a
cube. Since any ) contains a cube and is contained in a cube, we conclude that
the A, () tend to co and so H, = A (with the Dirichlet boundary conditions)
have empty essential spectra and (I + Hp) ™! are compact.

Furthermore the A, () aer the eigenvalues of Hy arranged in increasing
order.

Proposition 12.5.1 If Q,, is an increasing sequence of open sets contained in

Q with
Q=Jom
then
lim Ap(Q) = A ()
for all n.

Proof. For any € > 0 there exists an n-dimensional subspace L of C§°(2) such
that A(L) < Ay (Q) + €. There will be a compact subset K C €2 such that all
the elements of L have support in K. We can then choose m sufficiently large
so that K C Q,,,. Then

M) € M) € An(Q) +e. O

12.6 Valence.
The minimum eigenvalue A; is determined according to (12.12) by

(H, )

M W)

Unless one has a clever way of computing A\; by some other means, minimizing
the expression on the right over all of H is a hopeless task. What is done in
practice is to choose a finite dimensional subspace and apply the above mini-
mization over all ¢ in that subspace (and similarly to apply (12.12) to subspaces
of that subspace for the higher eigenvalues). The hope is that this yield good
approximations to the true eigenvalues.

If M is a finite dimensional subspace of H, and P denotes projection onto
M, then applying (12.12) to subspaces of M amounts to finding the eigenvalues



12.6. VALENCE. 367

of PHP, which is an algebraic problem as we have seen. A chemical theory
( when H is the Schrodinger operator) then amounts to cleverly choosing such
a subspace.

12.6.1 Two dimensional examples.

Consider the case where M is two dimensional with a basis ¥; and . The
idea is that we have some grounds for believing that that the true eigenfunction
has characteristics typical of these two elements and is likely to be some linear
combination of them. If we set

Hyy := (Hir,401), Hiz:= (H1,92) = Ho1,  Hag := (Hbo, 1)

and

Si1 = (51/J17¢1)7 Sig 1= (1/11,1/12) = 5721, Sag 1= (1/J2,¢2)

then if these quantities are real we can apply the secular equation

det Hiy = AS11 Hip — AS12) _ 0
Hyy — ASo1 Hap — ASa

to determine .
Suppose that S1; = S22 = 1, i.e. that ¥ and 1o are separately normalized.
Also assume that 1 and 1o are linearly independent. Let

B = S12 = Sa1.

This 3 is sometimes called the “overlap integral” since if our Hilbert space is
Ly(R3) then 3 = [55 10ydz. Now

Hyy = (Hi1,9n)

is the guess that we would make for the lowest eigenvalue (= the lowest “energy
level”) if we took L to be the one dimensional space spanned by 1. So let us
call this value E;. So E; := Hj; and similarly define Fs = Hoy. The secular
equation becomes

A= E))(A = Ey) — (Hys — \3)? = 0.

If we define F'(\) := (A — E1)(A— E3) — (H12 — A\B)? then F is positive for large
values of |A] since |3] < 1 by Cauchy-Schwarz. F'(\) is non-positive at A = E; or
E5 and in fact generically will be strictly negative at these points. So the lower
solution of the secular equations will generically lie strictly below min(E;, Es)
and the upper solution will generically lie strictly above max(E7, F3). This is
known as the no crossing rule and is of great importance in chemistry. I
hope to explain the higher dimensional version of this rule (due to Teller-von
Neumann and Wigner) later.
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12.6.2 Hiickel theory of hydrocarbons.

In this theory the space M is the n-dimensional space where each carbon atom
contributes one electron. (The other electrons being occupied with the hydrogen
atoms.) It is assumed that the S in the secular equation is the identity matrix.
This amounts to the assumption that the basis given by the electrons associ-
ated with each carbon atom is an orthonormal basis. It is also assumed that
(Hf, f) = « is the same for each basis element. In a crude sense this measures
the electron-attracting power of each carbon atom and hence is assumed to be
the same for all basis elements. If (H f,, fs) # 0, the atoms r and s are said to
be “bonded”. It is assumed that only “nearest neighbor” atoms are bonded, in
which case it is assumed that (H f,., fs) = [ is independent of r and s. So PHP
has the form
al + A

where A is the adjacency matrix of the graph whose vertices correspond to the
carbon atoms and whose edges correspond to the bonded pairs of atoms. If we

set
F—«

B
then finding the energy levels is the same as finding the eigenvalues x of the

adjacency matrix A. In particular this is so if we assume that the values of «
and 3 are independent of the particular molecule.

T =

12.7 Davies’s proof of the spectral theorem

In this section we present the proof given by Davies of the spectral theorem,
taken from his book Spectral Theory and Differential Operators.

12.7.1 Symbols.

These are functions which vanish more (or grow less) at infinity the more you
differentiate them. More precisely, for any real number 3 we let S° denote the
space of smooth functions on R such that for each non-negative integer n there
is a constant ¢, (depending on f) such that

(@) < enl1 +]af?) B2,
It will be convenient to introduce the function
(2) = (1+2)2.

So we can write the definition of S° as being the space of all smooth functions
f such that
|f™ ()] < epfa)? (12.13)

for some ¢, and all integers n > 0. For example, a polynomial of degree k belongs
to S* since every time you differentiate it you lower the degree (and eventually
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get zero). More generally, a function of the form P/Q where P and @ are
polynomials with @) nowhere vanishing belongs to S* where k = deg P —deg Q.
The name “symbol” comes from the theory of pseudo-differential operators.

12.7.2 Slowly decreasing functions.

Define

A= USﬁ.

B<0

For each n > 1 define the norm || - ||,, on A by

1 £lln 72/ £ ()| ()" dx. (12.14)

If f€ 8% B <0 then f is integrable and f(x f ft)dt so

sup | f(x)| < || flh
zeR

and convergence in the || -||; norm implies uniform convergence.

Lemma 12.7.1 The space of smooth functions of compact support is dense in
A for each of the norms || - |ln+1-

Proof. Choose a smooth ¢ of compact support in [—2,2] such that ¢ = 1 on

[—1, 1]. Define
=0 (5)

so ¢ is identically one on [—m,m] and is of compact support. Notice that for
any k > 1 we have

60 @)| < Ki @) Lo (@)

for suitable constants Kj.
We claim that ¢,,f — f in the norm || - ||,+1 for any f € A. Indeed,

n+1

1f = mfllnsr = V(1 = ¢ (2)}] ()" da.

By Leibnitz’s formula and the previous inequality this is bounded by some
constant times

n+1
Z f(r >r71dx

|z|>m

which converges to zero as m — oco. [
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12.7.3 Stokes’ formula in the plane.

Consider complex valued differentiable functions in the (x,y) plane. Define the
differential operators

o _1(o 0y 9 _1(0 0
0z 2\ oz Z@y My, T 9\ or Z@y '

Define the complex valued linear differential forms
dz :=dzx +idy, dz:=dx—idy

S0
1 1

dx = g(dz—i—df), dy = i(dz—df).
i

So we can write any complex valued differential form adx + bdy as Adz + Bdz
where

1 1
In particular, for any differentiable function f we have

_ 0 g 9y _9F,  OF
df = 8xdx+ 8ydy— 6zdz+ agd?.
Also
dz \NdzZ = —2idx N dy.

So if U is any bounded region with piecewise smooth boundary, Stokes theorem

gives
fdz :/ d(fdz) :/ %d}/\dz = Qi/ 8—Jjalsrdy.
oU U U 82 U 82

The function f can take values in any Banach space. We will apply to functions
with values in the space of bounded operators on a Hilbert space.

A function f is holomorphic if and only if % = 0. So the above formula
implies the Cauchy integral theorem.

Here is a variant of Cauchy’s integral theorem valid for a function of compact

support in the plane:

l/ﬁ. L dedy = —f(w). (12.15)

T Jc0Z z—w

Indeed, the integral on the left is the limit of the integral over C\ Ds where Ds
is a disk of radius § centered at w. Since f has compact support, and since

0 1
%(z—w) =0,

we may write the integral on the left as

! Mz—>—w
/6 dz — —f(w). O

21 Jops 2 — W
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12.7.4 Almost holomorphic extensions.
Let ¢ be as above, and define
oz, y) = oy/(x)).
Let f be a complex valued C*° function on R. Define
f(2) = fom(z) := {me(m)(lif')} o(z,y) (12.16)
r=0 :

for n > 1. Then

=3 {Z 700y } (ortim) + 50 B 2)

0z = 7! n!
So ~
8fa,n o n
‘& = O(lyl"),
and, in particular, 3
Ifon _
7% (z,0) = 0.

We call fa_,n an almost holomorphic extension of f.

12.7.5 The HefHler-Sjostrand formula.
Let H be a self-adjoint operator on a Hilbert space, and let f € A. Define

1 [8f
H):=—— | —=R(z,H)dxd 12.18
1) =~ [ LR mazay, (12.18)
where f = fg,n. One of our tasks will be to show that the notation is justified
in that the right hand side of the above expression is independent of the choice
of ¢ and n. But first we have to show that the integral is well defined.

Lemma 12.7.2 The integral (12.18) is norm convergent and

IfEDI < enll flln1-

Proof. We know that R(z, H) is holomorphic in z for z € C\R, in particular is
norm continuous there. So the integral is well defined over any compact subset
of C\R.
Let
U= {z|(z) <yl <2(z)}.

The partial derivatives of ¢ are supported in U and

lo2(2) +i0y(2)] < clx) M1y(2), V z€C. (12.19)
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The norm of R(z, H) is bounded by |y|~!, and ¢ is supported on the closure of
Vi={20 < |y| < 2(z)}.
So the integrand in (12.18) is dominated on C \ R by

Y 1O @) (@) 2Ly (2, y) +  fOHD @) [y Ly ().
r=0

So if n > 1 the dominated converges theorem applies. Integrating then yields
the estimate in the lemma. [

Theorem 12.7.1 The definition of f in (12.18) is independent of ¢ and of
n>1.

For this we prove the following lemma:
Lemma 12.7.3 If F is a smooth function of compact support on the plane and
F(z,y) =0(y") as y—0

then . oF
—— | —=R(z,H)dxdy = 0.

o (2, H)dzdy
Proof of the lemma. Chooose N large enough so that the support of F' is
contained in the square || < N, |y| < N. So the integration is over this square.
Let Qs denote this square with the strip |y| < § removed, so Qs consists of two
rectangular regions, Q5 = R}' U Ry, and it is enough to show that the limit
of the integrals over each of these regions vanishes. By Stokes’ theorem, the
integral over R;‘ is equal to

QL F(2)R(z, H)dz.

T JoRr}

But F(z) vanishes on the top and on the vertical sides of RY while along the
bottom we have ||R(z, H)|| < 6=! while F = O(§?). So the integral allong the
bottom path tends to zero, and the same for R; . This proves the lemma.

Proof of the theorem. Since the smooth functions of compact support are
dense in A it is enough to prove the theorem for f compactly supported, If we
make two choices, ¢1 and ¢5 then the corresponding fghn and fg%n agree in
some neighborhood of the z-axis, so fgl,n - faz,n vanishes in a neighborhood of
the z-axis so the lemma implies that

fa’l,n(A) = fa’2,n(A)'

This shows that the definition is independent of the choice of ¢. If m > n > 1
then fom — fo.n = O(y?) so another application of the lemma proves that f(H)
is independent of the choice of n. [

Notice that the proof shows that we can choose o to be any smooth function
which is identically one in a neighborhood of the real axis and which is compactly
supported in the imaginary direction.
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12.7.6 A formula for the resolvent.

Let w be a complex number with a non-zero imaginary part, and consider the

function r,, on R given by
1

w—x

rw(x) =

This function clearly belongs to A and so we can form r,,(H). The purpose of
this section is to prove that

rw(H) = R(w, H).

We will choose the ¢ in the definition of 7, so that w ¢ supp o. To be specific,
choose o = ¢(Aly|/(x)) for large enough A so that w & supp o.

We will choose the n in the definition of 7, as n = 1.

For each real number m consider the region

Q= {(z,y)[|z] <m and m~(z) <|y| < 2m}.

Again, ), consists of two regions, each of which has three straight line segment
sides (one horizontal at the top (or bottom) and two vertical) and a parabolic
side, and we can write the integral over C as the limit of the integral over §2,,
as m — 00. So by Stokes,

rm(H) = lim Tw(2)R(z, H)dz.
m—oo o0,
If we could replace 7, by 7, in this integral then we would get R(w, H) by the
Cauchy integral formula. So we must show that as m — oo we make no error
by replacing 7, by 7.
On each of the four vertical line segments we have

rw(2) = Fu(2) = (1 = 0(2))rw(2) + 0(2) (ru(2) = ru(z) — 7, (2)iy).

The first summand on the right vanishes when A|y| < (z). We can apply Taylor’s
formula with remainder to the function y — 7, (z + iy) in the second term. So
we have the estimate

7w (2) = T (2)] < cligyarly| + CW

along each of the four vertical sides. So the integral of the difference along the
vertical sides is majorized by

2m 2m
d d
c/ —y—i-c/ y—gzO(mfl).
A—1(m) my A=1(m) m

Along the two horizontal lines (the very top and the very bottom) o vanishes
and ||r,(2)(z — H)71|| is of order m~2 so these integrals are O(m~1). Along
the parabolic curves o = 1 and the Taylor expansion yields

r(2) = Fu(2)] < e

(x)?
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as before. The integrals over each of these curves 7 is majorized by

c/ y—2i|dz| =cm™! L|alz\ =0(m™h. O
5 (@)% [yl 5 (1)? .

12.7.7 The functional calculus.

We now show that the map f +— f(H) has the desired properties of a functional
calculus, see Theorem 12.7.2 below. First some lemmas:

Lemma 12.7.4 If f is a smooth function of compact support which is disjoint
from the spectrum of H then f(H) = 0.

Proof. We may find a finite number of piecewise smooth curves which are
disjoint from the spectrum of H and which bound a region U which contains
the support of f. Then by Stokes

f(H) = —% g %R(z,H)dwdy =
"o ) f(z)R(z,H)dz =0

since f vanishes on OU. [

Lemma 12.7.5 For all f,ge A

(fg)(H) = f(H)g(H).

Proof. It is enough to prove this when f and g are smooth functions of compact
support. The product on the right is given by
1 af 0

= of 93 o .
7 JrxL BéawR(Z’ JR(w, H)drdydudv

where K := supp f and L := supp g are compact subsets of C. Apply the
resolvent identity in the form

R(z, H)R(w,H) = (z —w) 'R(w, H) — (2 — w) "' R(z,w)

to the integrand to write the above integral as the sum of two integrals.
Using (12.15) the two “double” integrals become “single” integrals and the
whole expression becomes

f(H)g(H) = _*/KUL {fgg +§(;JZC} R(z, H)dzdy

_ 1 [0(¢g)
_—7/(C 5% R(z, H)dxdy.
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But (fg)(H) is defined as

T 0z

1 [ 9(fg)
—f/ MR(Z, H)dzdy.
C
But ~
(f9) = fg
is of compact support and is O(y?) so Lemma 12.7.3 implies our lemma. [

Lemma 12.7.6

f(H) = f(H)".
This follows from R(z,H)* = R(z,H). O
Lemma 12.7.7

IFCEDN < M1fll

where || flleo denotes the sup norm of f.

Proof. Choose ¢ > || f|l« and define

g(s) :=c— /2 —|f(s)]2.

Then g € A and
g° = 2cg —|f?
or
ff—cg—cg+g*=0.
By Lemma 12.7.5 and the preceding lemma this implies that

FH)F(H)* + (c—g(H))"(c = g(H)) = ¢
But then for any 1 in our Hilbert space,

IFCH)PI? < IFE)DI? + (e = g(H)w ) = [

proving the lemma. [

Let Cy(R) denote the space of continuous functions which vanish at co with
I lloo the sup norm. The algebra A is dense in Cy(R) by Stone Weierstrass, and
the preceding lemma allows us to extend the map f +— f(H) to all of Cy(R).

Theorem 12.7.2 If H is a self-adjoint operator on a Hilbert space H then there
erists a unique linear map

[ f(H)
from Cy(R) to bounded operators on H such that

1. The map f+— f(H) is an algebra homomorphism,
2. f(H) = f(H)",
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S AFEDI < M flloos

4. If w is a complex number with non-zero imaginary part and r,(z) = (w —
x)~1 then
ro(H) = R(w, H)

5. If the support of [ is disjoint from the spectrum of H then f(H) = 0.

We have proved everything except the uniqueness. But item 4) determines the
map on the functions 7, and the algebra generated by these functions is dense
by Stone Weierstrass. [

In order to get the full spectral theorem we will have to extend this functional
calculus from Cy(R) to a larger class of functions, for example to the class of
bounded measurable functions. In fact, Davies proceeds by using the theorem
we have already proved to get the spectral theorem in the form that says that
a self-adjoint operator is unitarily equivalent to a multiplication operator on
an Lo space and then the extended functional calculus becomes evident. First
some definitions:

12.7.8 Resolvent invariant subspaces.

Let H be a self-adjoint operator on a Hilbert space H, and let £ C H be a
closed subspace. We say that L is resolvent invariant if for all non-real z we
have R(z,H)L C L.

If H is a bounded operator and L is invariant in the usual sense, i.e. HL C L,
then for |z| > ||H|| the Neumann expansion

R(e ) = (21— ) = (1 =) = 3 s

n=0

shows that R(z, H)L C L. By analytic continuation this holds for all non-real z.
So if H is a bounded operator, if £ is invariant in the usual sense it is resolvent
invariant. We shall see shortly that conversely, if £ is a resolvent invariant
subspace for a bounded self-adjoint operator then it is invariant in the usual
sense.

Lemma 12.7.8 If L is a resolvent invariant subspace for a (possibly unbounded)
self-adjoint operator then so is its orthogonal complement.

Proof. If ¢ € £+ then for any ¢ € £ we have
(R(z, H)Y, ¢) = (¢, R(Z, H)¢) = 0

if Im 2z # 0so R(z, H)yy € £L+. O

Now suppose that H is a bounded self-adjoint operator and that £ is a
resolvent invariant subspace. For f € £ decompose H f as Hf = g + h where
g € L and h € L*. The Lemma says that R(z, H)h € £*. But

R(z,H)h = R(z, H)(Hf - g) = R(z, H)(Hf — 2f + 2f — g)
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=—f+R(zH)(zf—9) €L

since f € L, zf — g € L and L is invariant under R(z, H). Thus R(z, H)h €
LNLY so R(z, H)h = 0. But R(z, H) is injective so h = 0. We have shown that
if H is a bounded self-adjoint operator and L is a resolvent invariant subspace
then it is invariant under H.

So from now on we can drop the word “resolvent”. We will take the word “in-
variant” to mean “resolvent invariant” when dealing with possibly unbounded
operators. On bounded operators this coincides with the old notion of invari-
ance.

12.7.9 Cyclic subspaces.

We are going to perform a similar manipulation with the word “cyclic”.

Let v € H and H a (possibly unbounded) self-adjoint operator on H. We
define the cyclic subspace L generated by v to be the closure of the set of all
linear combinations of

R(z,H)v.
Lemma 12.7.9 v belongs to the cyclic subspace L that it generates.

Proof. From the Hellfer-Sjostrand formula it follows that f(H)v € £ for all
f € A and hence for all f € Cy(R). Choose f,, € Cp(R) such that 0 < f,, <1
and such that f, — 1 point-wise and uniformly on any compact subset as
n — co. We claim that

lim f,(H)v=uw,

n—oo
which would prove the lemma. To prove this, choose a sequence v,, € Dom(H)
with v, — v and choose some non-real number z. Set

Wy = (2] — H)vp,

so that v,, = R(z, H)w,. Let 7, be the function r,(s) = (z—s)~! on R as above,
SO Uy = 75 (H)wyy,.
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Then
fn(H)U = fn(H)Um+fn(H)(vam)
= falH)r.(H)wy + fu(H)(v — vm)
= (fnrz)<H)wn+fn(H)(v_Um)
So

fu(H)v —v=[(fur:)(H) — 12 (H)Jwm + (0m —v) + fu(H)(v = o).

Now f,r, — r, in the sup norm on Cy(R). So given € > 0 we can first choose
m so large that ||v, — v|| < Fe. Since the sup norm of f, is < 1, the third
summand above is also less in norm that %e. We can then choose n sufficiently
large that the first term is also < %e. |

Clearly, £ is the smallest (resolvent) invariant subspace which contains v.
Hence, if H is a bounded self-adjoint operator, £ is the smallest closed subspace
containing all the H"v. So for bounded self-adjoint operators, we have not

changed the definition of cyclic subspace.

Proposition 12.7.1 Let H be a (possibly unbounded) self-adjoint operator on
a separable Hilbert space H. Then there exist a (finite or countable) family of
orthogonal cyclic subspaces L,, such that H is the closure of

P ..

Proof. Let f, be a countable dense subset of H and let £; be the cyclic
subspace generated by fi. If £; = H we are done. If not, there must be some
m for which f,, € £,. Choose the smallest such m and let g5 be the orthogonal
projection of f,, onto L. Let Ly be the cyclic subspace generated by go. If
L1 @ Lo = H we are done. If not, there is some m for which f,, & £ @ L,.
choose the smallest such m and let g3 be the projection of f,,, onto the orthogonal
complement of £1 ® Lo. Proceed inductively. Either this comes to an end with
‘H a finite direct sum of cyclic subspaces or it goes on indefinitely. In either case
all the f; belong to the algebraic direct sum in the proposition and hence the
closure of this sum is all of H. O
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In terms of the decomposition given by the Proposition, let
Dy, :=Dom(H)N L,
Let H,, denote the restriction of H to D,,. We claim that
e D, is dense in L,,.

e H, maps D, into L, and hence defines an operator on the Hilbert space
L.

e The operator H, on the Hilbert space £, with domain D,, is self-adjoint.

Proofs. For the first item: let v be such that £, is the closure of the span of
R(z,H)v, z ¢ R. So R(z,H)v € L,, and R(z,H) € Dom(H). So the vectors
R(z, H)v belong to D,, and so D, is dense in L,,.

For the second item, suppose that w € D,,. Let u = (2I — H)w for some
z ¢ R so that w = R(z, H)u. In particular R(z, H)u € L,. If we show that
u € L, then it follows that Hw € £,,. Let u’ be the projection of u onto Eﬂ;.
We want to show that v’ = 0. Since £,, is invariant and u — v’ € £,, we know
that R(z, H)(u —u') € £, and hence that R(z, H)u' € £,,. But £ is invariant
by the lemma, and so R(z, H)u' € L, N L so R(z, H)u' =0 and so v/ = 0.

To prove the third item we first prove that if w € Dom(H) then the orthog-
onal projection of w onto L, also belongs to Dom(H) and hence to D,,.

As in the proof of the second item, let u = (21 — H)w and «’ the orthogonal
projection of uw onto the orthogonal complement of £,. So w = R(z, H)u =
R(z, H)w'+R(z, H)(u—u'"). But R(z, H)u is orthogonal to £,, and R(z, H)(u—
uw') € Ly,. So the orthogonal projection of w onto £, is R(z, H)(u — ') which
belongs to Dom(H).

If w’ denotes the orthogonal projection of w onto the orthogonal complement
of L, then Hw' = HR(z, H)u' = —u’ + zw' and so Hw' is orthogonal to L.

Now suppose that = € £,, is in the domain of H}. This means that H’z € L,
and (HXxz,y) = (z, Hy) for all y € D,,. We want to show that € Dom(H*) =
Dom(H) for then we would conclude that z € D,, and so H, is self-adjoint. But
for any w € Dom(H) we have

(z, Hw) = (z, Hw' + H(w — w')) = (2, H(w — w"))

= (z,Hp(w —w")) = (Hiz,w)

since, by assumption, H¥x € L,. This shows that x € Dom(H*) and H*z =
Hiz. O

Now let us go back the the decomposition of H as given by Propostion 12.7.1.
This means that every f € H can be written uniquely as the (possibly infinite)
sum

Fefit ot
with f; € L;.
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Proposition 12.7.2 f € Dom(H) if and only if f; € Dom(H;) for alli and
S IHfil? < oo
i

If this happens then the decompostion of H f is given by
Hf=H fi + Hafo+---.

Proof. Suppose that f € Dom(H). We know that f, € Dom(H,,) and also
that the projection of H f onto £,, is H, f,,. Hence

Hf=Hifi +hafo+---

and, in particular, Y ||H, f.||* < oco.

Conversely, suppose that f; € Dom(H;) and Y |[H,fn|/?> < oo. Then f is
the limit of the finite sums f1 +- -+ fn and the limit of the H(f1 +-- -+ fn) =
Hyf1 +---Hyfn exist. Since H is closed this implies that f € Dom(H) and
H f is given by the infinite sum Hf = H1f1 + Ho+---. O

12.7.10 The spectral representation.

Let H be a self-adjoint operator on a seperable Hilbert space H, and let S
denote the spectrum of H. We will let h : S — R denote the function given by

h(s) = s.

We first formulate and prove the spectral representation if H is cyclic.
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Proposition 12.7.3 Suppose that ‘H is cyclic with generating vector v. Then
there exists a finite measure p on S and a unitary isomorphism

U:H— La(S, p)

such that ¥ € H belongs to Dom(H) if and only if hU () € Lo(S,u). If so,
then with f = U(v) we have

UHU 'f = hf.
Proof. Define the linear functional ¢ on Cy(R) as
®(f) == (f(H)v,v).

We have ¢(f) = ¢(f). I f is non-negative and we set g := f2 then o(f) =
lg(H)v||* > 0. So by the Riesz representation theorem on linear functions on
Cy we know that there exists a finite non-negative countably additive measure
w1 on R such that

(F(H)o,v) = / fdu

for all f € Co(R). If the support of f is disjoint from S then f(H) = 0. this
shows that p is supported on .S, the spectrum of H.
We have

/ fgdu = (5" (H) F(H)v,0) = (f(H)v, g(H))

for f,g € Co(R).

Let M denote the linear subspace of H consisting of all f(H)v, f € Cy(R).
The above equality says that there is an isometry U from M to Cy(R) (relative
to the Ly norm) such that

U(f(H)) = f.
Since M is dense in ‘H by hypothesis, this extends to a unitary operator U form
'H to L2 (S, /.L).

Let fl,fg, f S C()(R) and set 77[}2 = fl(H)U, 1/)2 = fg(H)’U. So f,' = U1/}“ 1=

1,2. Then

()1, 02) = [ 15T
s
Taking f = r,, so that f(H) = R(w, H) we see that
UR(’[U, H)U_lg =Twg

for all g € Lo(S, ) and all non-real w. In particular, U maps the range of
R(w, H) which is Dom(H) onto the range of the operator of multiplication by
r, which is the set of all g such that xg € L.

If f € La(S,p) then g = ryf € Dom(h) and every element of Dom(h) is of
this form. We now use our old friend, the formula

HR(w,H) =wR(w,H) — 1.
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Applied to U~1g this gives

HU 'g = HR(w HU 'f
= U 'f+wR(w HUf
U f+ U  wry f

- (5
w—2x

= U ' (hrwf)

= U hg). O

We can now state and prove the general form of the spectral representation
theorem. Using the decomposition of H into cyclic subspaces and taking the
generating vectors to have norm 27" we can proceed as we did last semester. We
can get the extension of the homomorphism f +— f(H) to bounded measurable
functions by proving it in the Ly representation via the dominated convergence
theorem. This then gives projection valued measures etc.



Chapter 13

Scattering theory.

The purpose of this chapter is to give an introduction to the ideas of Lax and
Phillips which is contained in their beautiful book Scattering theory.

Throughout this chapter K will denote a Hilbert space and ¢ — S(t),t > 0
a strongly continuous semi-group of contractions defined on K which tends
strongly to 0 as t — oo in the sense that

tlim IS(t)k|| =0 for each k € K. (13.1)

13.1 Examples.

13.1.1 Translation - truncation.

Let N be some Hilbert space and consider the Hilbert space
Ly (R,N).
Let T} denote the one parameter unitary group of right translations:
[Tif](z) = f(z—1)

and let P denote the operator of multiplication by 1(_. g so P is projection
onto the subspace G consisting of the f which are supported on (—oo,0]. We

claim that
t— PTt

is a semi-group acting on G satisfying our condition (13.1):

The operator PT; is a strongly continuous contraction since it is unitary
operator on Lo(R,N) followed by a projection.

Also

IPTAE = [ 15

(o}

tends strongly to zero.

383
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We must check the semi-group property. Clearly PTy =Id on G. We have

where
g=PLf-1Tif
SO
g1l G.
But
T.: G-G

for s > 0. Hence ¢ L G = T,9=T",9 L G since

(T*,9,¢) = (9, T-s¥) =0 V¢ €G.

13.1.2 Incoming representations.

The last argument is quite formal. We can axiomatize it as follows: Let H be a
Hilbert space, and ¢t — U(t) a strongly continuous group one parameter group
of unitary operators on H. A closed subspace D C H is called incoming with
respect to U if

UHD ¢ D for t<0 (13.2)
AU®HD = 0 (13.3)
Uvwp = wH (13.4)

Let Pp : H — D denote orthogonal projection. The preceding argument goes
over unchanged to show that S defined by

S(t) == PpU(1)

is a strongly continuous semi-group. We repeat the argument: The operator
S(t) is clearly bounded and depends strongly continuously on ¢. For s and ¢t > 0
we have

PpU(s)PoU(t)f = PoU(s)[U(t)f + gl = PoU(t + s)f + Ppg

where
g:=PpU(t)f —U(t)f € D*.

But g € D+ = U(s)g € D* for s > 0 since U(s)g = U(—s)*g and
(U(=5)"9,9) = (9, U(=5)) =0 V¢ eD

by (13.2).
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We must prove that it converges strongly to zero as t — oo, i.e. that (13.1)
holds. First observe that (13.2) implies that

U=s) DD U(-t)D if s<t
and since U(—s)D+ = [U(—s)D]* we get
U(—s)D* c U(—t)D*.
We claim that

Jutp*t

>0
is dense in H. If not, there is an 0 # h € H such that h € [U(—t)D*]* for all
t > 0 which says that U(¢)h L D~ for all ¢t > 0 or U(t)h € D for all ¢ > 0 or

heU(—t)D forallt>0

contradicting (13.3). Therefore, if f € D and € > 0 we can find ¢ 1 D and an
s > 0 so that

If =U(=s)gll <e
or
[U(s)f — gl <e
Since g L D we have Pp[U(s)f — g] = PoU(s)f and hence

IPoU(s)fI| <,

proving that PpU(s) tends strongly to zero.

Comments about the axioms. Conditions (13.2)-(13.4) arise in several seem-
ingly unrelated areas of mathematics.

e In scattering theory - either classical where the governing equation is the
wave equation, or quantum mechanical where the governing equation is the
Schrodinger equation - one can imagine a situation where an “obstacle” or
a “potential” is limited in space, and that for any solution of the evolution
equation, very little energy remains in the regions near the obstacle as
t — —oo or as t — +oo. In other words, the obstacle (or potential) has
very little influence on the solution of the equation when |¢| is large. We
can therefore imagine that for ¢ << 0 the solution behaves as if it were a
solution of the “free” equation, one with no obstacle or potential present.
Thus the meaning of the space D in this case is that it represents the
subspace of the space of solutions which have not yet had a chance to
interact with the obstacle. The meaning of the conditions should be fairly
obvious,

e In data transmission: we are all familiar with the way an image comes in
over the internet; first blurry and then with an increasing level of detail. In
wavelet theory we will encounter the concept of “multiresolution analysis”,
where the operators U provide an increasing level of detail.
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e We can allow for the possibility of more general concepts of “information”,
for example in martingale theory where the spaces U(t)D represent the
space of random variables available based on knowledge at time < {.

In the second example, it is more natural to allow ¢ to range over the integers,
rather than over the real numbers. But in this lecture we will deal with the
continuous case rather than the discrete case. In the third example, we might
want to dispense with U(t) altogether, and just deal with an increasing family
of subspaces.

13.1.3 Scattering residue.

In the scattering theory example, we want to believe that at large future times
the “obstacle” has little effect and so there should be both an “incoming space”
describing the situation long before the interaction with the obstacle, and also an
“outgoing space” reflecting behavior long after the interaction with the obstacle.
The residual behavior - i.e. the effect of the obstacle - is what is of interest.
For example, in elementary particle physics, this might be observed as a blip in
the scattering cross-section describing a particle of a very short life-time. See
the very elementary discussion of the blip arising in the Breit-Wigner formula
below.

So let t — U(t) be a strongly continuous one parameter unitary group on
a Hilbert space H, let D_ be an incoming subspace for U and let D, be an
outgoing subspace (i.e. incoming for ¢ — U(—t)). Suppose that

D_1D,
and let
K:=[D_oD,]" =D:nDi.
Let
Py := orthogonal projection onto Di.
Let
Z(t):=PUt)P-, t>0.

Claim:

Z(t): K — K.

Proof. Since P, occurs as the leftmost factor in the definition of Z, the image
of Z(t) is contained in D+. We must show that

reDt - PLU(t)z € DX

since Z(t)z = P, U(t)r as P_x = z if z € DL. Now U(—t) : D_ — D_ for
t > 0 is one of the conditions for incoming, and so

U(t): D* — D™
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So
U(t)z € D*.
Since D_ C Di the projection P, is the identity on D_, in particular
P,:D_—>D_
and hence, since P is self-adjoint,
P, :D%— Dt

Thus P,U(t)x € Dt as required. QED
By abuse of language, we will now use Z(t) to denote the restriction of Z(t)
to K. We claim that ¢ — Z(t) is a semi-group. Indeed, we have

since [Pz —z] € Dy and U(t) : Dy — Dy for ¢ > 0. Also Z(t) = PLU(¢) on
K since P_ is the identity on K. Therefore we may drop the P_ on the right
when restricting to K and we have

Z(3)Z(t) = PyU(s)PyU(t) = PLU(s)U(t) = PyU(s +t) = Z(s + 1)

proving that Z is a semigroup.
We now show that Z is strongly contracting. For any x € H and any ¢ > 0
we can find aT > 0 and a y € D4 such that

le = U(=T)yll <e
since | J,.o U(t)Dy is dense. For z € K we get
1Z2()x = PLUBU(=T)yl| = [P U@)[z = U(=T)y]|| <e.
But for ¢t > T
U U(-T)y=U(t-T)ye Dy so PLUHU(-T)y=0

and hence
|1Z(t)x| < e.

We have proved that Z is a strongly contractive semi-group on K which tends
strongly to zero, i.e. that(13.1) holds.

13.2 Breit-Wigner.

The example in this section will be of primary importance to us in computations
and will also motivate the Lax-Phillips representation theorem to be stated and
proved in the next section.



388 CHAPTER 13. SCATTERING THEORY.

Suppose that K is one dimensional, and that
Z(t)d = e "d

for d € K where
Ry > 0.

This is obviously a strongly contractive semi-group in our sense. Consider the
space Lo (R, N) where N is a copy of K but with the scalar product whose norm
is

ldl[3 = 2%Rplld]*.

bet ettd t<0
fd(t)_{ 0 t>0,
Then 0
1]l :/m P (2R )| *dt = |1d|?
so the map

R:K — Ly(R,N) dr— fq

is an isometry. Also
P(Tifa)(s) = Pfa(s —t) = e fa(s)

" (PT;)o R = Ro Z(t).

This is an example of the representation theorem in the next section.
If we take the Fourier transform of f; we obtain the function

1 1
o= — -
V2m p—o

whose norm as a function of ¢ is proportional to the Breit-Wigner function

1
M2+0-2'

It is this “bump” appearing in graph of a scattering experiment which signifies a
“resonance”, i.e. an “unstable particle” whose lifetime is inversely proportional
to the width of the bump.

13.3 The representation theorem for strongly con-
tractive semi-groups.

Let t — S(t) be a strongly contractive semi-group on a Hilbert space K. We
want to prove that the pair K, .S is isomorphic to a restriction of Example 1.
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Theorem 13.3.1 [Lax-Phillips.] There exists a Hilbert space N and an
isometric map R of K onto a subspace of PLa(R,N) such that

S(t)=R'PT,R
for allt > 0.
Proof. Let B be the infinitesimal generator of S, and let D(B) denote the
domain of B. The sesquilinear form f, g —
—(Bf,9) — (f, Byg)
is non-negative definite since B satisfies

Re (Bf, f) <0.

Dividing out by the null vectors and completing gives us a Hilbert space N
whose scalar product we will denote by (, )n. If kK € D(B) so is S(t)k for every
t > 0. Let us define

fr(=t) = [S()K]
where [S(t)k] denotes the element of N corresponding to S(¢)k. For simplicity
of notation we will drop the brackets and simply write

fi(=t) = S()k
and think of f as a map from (—o0, 0] to N. We have

IF (=X = [S®)EIR = —2Re (BS(t)k, S(t)k)n = —%Ils(t)kllz-

Integrating this from 0 to r gives

0
I RO

By hypothesis, the second term on the right tends to zero as r — oo. This
shows that the map

R:kw— fi
is an isometry of D(B) into La((—o00,0],N), and since D(B) is dense in K, we
conclude that it extends to an isometry of D with a subspace of PLy(R,N) (by
extension by zero, say). Also

RSk = fsyr
is given by
fsw(s) = S(=s)S(t)k = S(t — s)k = S(—(s = t)k) = fr(s — 1)

for s <0, and ¢t > 0 so
RS(t)k = PT\Rk.
Thus R(K) is an invariant subspace of PL3(R, N) and the intertwining equation

of the theorem holds. QED
We can strengthen the conclusion of the theorem for elements of D(B):
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Proposition 13.3.1 If k € D(B) then fi is continuous in the N norm for
t <0.

Proof. For s,t > 0 we have
1fx(=5) = fu(=t)|% = —2Re (B[S(t) — S(s)]k, [S(t) — S(s)]k)

< 2[[[S(t) = S(s)| B [I[S(t) = S(s)]K||
by the Cauchy-Schwarz inequality. Since S is strongly continuous the result

follows. QED

Let us apply this construction to the semi-group associated to an incoming
space D for a unitary group U on a Hilbert space H. Let d € D and f; = Rd
as above. We know that U(—r)d € D for r > 0 by (13.2). Notice also that

S(rU(—r)d=PU(r)U(-r)d=Pd=d
for d € D. Then for t < —r we have, by definition,
fo=rat) = S(=t)U(=r)d = PU(-t)U(-r)d

=S(—t—r)d= fat+7r)
and so by the Lax-Phillips theorem,

-

”fU(fr)d(x)HQNdx
o0

0
[OCndl = [ oo = [
[e.¢]

0
:/ fal) Bedz = .

Since U(—r) is unitary, we have equality throughout which implies that

fU(fr)d(t) =0 ift>-—r

We have thus proved that if
r>0

then

oty = { FOFD LS (1.5

13.4 The Sinai representation theorem.

This says that
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Theorem 13.4.1 If D is an incoming subspace for a unitary one parameter
group, t — U(t) acting on o Hilbert space H then there is a Hilbert space N, a
unitary isomorphism

R: H— Ly(R,N)

such that
RUMR™' =T,

and
R(D) = PL2(R,N),

where P is projection onto the subspace consisting of functions which vanish on
(0,00] a.e.

Proof. We apply the results of the last section. For each d € D we have
obtained a function f; € Lo((—00,0],N) and we extend f; to all of R by
setting fq(s) = 0 for s > 0. We thus defined an isometric map R from D onto
a subspace of Ly(R,N). Now extend R to the space U(r)D by setting

RU(r)d)(t) = fat — 7).

Equation (13.5) assures us that this definition is consistent in that if d is such
that U(r)d € D then this new definition agrees with the old one. We have thus
extended the map R to |JU(¢)D as an isometry satisfying

RU(t) = T;R.
Since J U (¢)D is dense in H the map R extends to all of H. Also by construction
RoPp=PoR

where P is projection onto the space of functions supported in (—oo,0] as in
the statement of the theorem.

We must still show that R is surjective. For this it is enough to show that
we can approximate any simple function with values in N by an element of
the image of R. Recall that the elements of the domain of B, the infinitesimal
generator of PpU(t), are dense in N, and for d € D(B) the function fy is
continuous, satisfies f(t) = 0 for ¢ > 0, and f(0) = n where n is the image of d
in N. Hence

(I — P)U(5)d

is mapped by R into a function which is approximately equal to n on [0, ] and
zero elsewhere. Since the image of R is translation invariant, we see that we can
approximate any simple function by an element of the image of R, and since R
is an isometry, the image of R must be all of Ly(R, N).
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13.5 The Stone - von Neumann theorem.

Let us show that the Sinai representation theorem implies a version (for n = 1)
of the Stone - von Neumann theorem:

Theorem 13.5.1 Let {U(t)} be a one parameter group of unitary operators,
and let B be a self-adjoint operator on a Hilbert space H. Suppose that

U(t)BU(~t) = B — tI. (13.6)
Then we can find a unitary isomorphism R of H with La(R,N) such that
RUMR™' =T,

and
RBR™ ' =m,,

where my is multiplication by the independent variable x.

Remark. If iA denotes the infinitesimal generator of U, then differentiating
(13.6) with respect to t and setting t = 0 gives

[A, B] =il

which is a version of the Heisenberg commutation relations. So (13.6) is a
“partially integrated” version of these commutation relations, and the theorem
asserts that (13.6) determines the form of U and B up to the possible “multi-
plicity” given by the dimension of N.

Proof. By the spectral theorem, write

B:/)\dEA

where {E,} is the spectral resolution of B, and so we obtain the spectral reso-
lutions

U(t)BU(~t) = / U () ExU(~t)]

and
B—tl = /()\ — t)dE,\ = /)\dE,\_H

by a change of variables.
We thus obtain
U(t)E)\U(—t) = E)\+t.

Remember that FE) is orthogonal projection onto the subspace associated to
(=00, A] by the spectral measure associated to B. Let D denote the image of Fj.
Then the preceding equation says that U(¢)D is the image of the projection E.
The standard properties of the spectral measure - that the image of E; increase
with ¢, tend to the whole space as t — oo and tend to {0} as ¢ — —oo are exactly
the conditions that D be incoming for U(t). Hence the Sinai representation
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theorem is equivalent to the Stone - von -Neumann theorem in the above form.

QED

Historically, Sinai proved his representation theorem from the Stone - von
Neumann theorem. Here, following Lax and Phillips, we are proceeding in the
reverse direction.



