Appendix A

Review of Basic Material

A.1 Tensor Products of Vector Spaces

Given two vector spaces V4 and V5 over C, the tensor product is a new vector
space V1 ® Vs, together with a bilinear “product” map ® : Vi x Vo — V1 QVs.
If V4 and V5 are finite dimensional with bases {u;} and {vy}, then V3 ® V4
is finite dimensional with {u; ® vy} forming a basis for Vi ® V5. In the finite-
dimensional case, we could simply define the tensor product by this basis
property, but then we would have to worry about whether the construction
is basis independent. Instead, we define V; ® V5 by a “universal property.”

Definition A.1 Suppose Vi and Vs are vector spaces over a field F. Then
a tensor product of Vi and Vs is a vector space W over F together with
a bilinear map T : Vi x Vo — W having the following “universal property”:
If U is any vector space over F and ® : Vi x Vo — U s a bilinear map,
then there exists a unique linear map ® : W — U such that the following
diagram commutes:

VixVe 2 W

o, SO
U

Proposition A.2 For any two vector spaces Vi and Va, a tensor product
of V1 and V4 exists and is unique up to “canonical isomorphism.” That is,
for two tensor products (W1,T1) and (Wa,Ts), there is a unique invertible
linear map ¥ : W1 — Wo such that To = Vo T7.
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In light of the uniqueness result, we may speak of “the” tensor product of
V1 and V4. We choose any one tensor product and we denote it by Vi ® V5.
We also denote the linear map T : V4 x Vo = Vi @ Vo as (u,v) » u®wv. In
this notation, the universal property reads as follows: Given any bilinear
map @ of V7 x V5 into a vector space U, there exists a unique linear map
®:V; ® Va — U such that

d(u®v) = d(u,v).

Proposition A.3 If Vi and Va2 are finite-dimensional vector spaces with
bases {u;}il, and {vg}2,, then Vi @ Va is finite dimensional and the set
of elements of the form u; @ v, 1 < j <ny, 1 <k < ny, forms a basis for
Vi ® Va. In particular,

dim(V; @ V) = (dim V;)(dim V3).

It should be emphasized that, in general, not every element of V; ® V5
is of the form v ® v with v € V5 and v € V5. All we can say is that each
element of V3 ® V5 can be decomposed as a linear combination of elements
of the form uw ® v. This decomposition, furthermore, is far from canonical;
even in the finite-dimensional case, it depends on a choice of bases for V}
and V5. Nevertheless, the universal property of the tensor product tells us
that we can define linear maps from V; ® V5 to any vector space U, simply
by defining them on elements of the form u ® v. Provided that ®(u,v) is
bilinear in v and v, the universal property tells us that there is a unique
linear map ® on V; ® V4 such that on element of the form v ® v, ® is equal
to ®(u,v). A representative application of the universal property is in the
following result.

Proposition A.4 If A € End(V1) and B € End(V2), there exists a unique
linear map A® B : V1 ®@ Vo — V1 ® V5 such that

(A® B)(u®v) = (Au) ® (Bv).
For Ay, Ay € End(V4) and By, B € End(V2), we have
(A1 ® B1)(A2 ® By) = (A1 A2) ® (B1B2).

To construct A ® B, we apply the universal property with U = V; @ V5
and ®(u,v) = (Au) ® (Bv). Since A and B are linear and ® is bilinear, @
is bilinear. The linear map P : Vi® Ve — Vi ® Vs is then the map that we
denote A ® B.

The tensor product, as we have defined it in this section, applies to
all vector spaces, whether finite dimensional or infinite dimensional. The
construction, however, is purely algebraic; if there is a topology on V; and
V5, the tensor product takes no account of that topology. In the Hilbert
space setting, then, we will have to refine the notion of the tensor product
so that the tensor product of two Hilbert spaces will again be a Hilbert
space. See Sect. A.4.5.
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A.2 Measure Theory

It is assumed that the reader is familiar with the basic notions of measure
theory, including the concepts of o-algebras, measures, measurable func-
tions, and the Lebesgue integral. A triple (X, Q, ), consisting of a set X, a
o-algebra  of subsets of X, and a (non-negative) measure p on € is called
a measure space. A measurable function ¢ : X — C is said to be integrable
if [ [¥| dp < oo. The o-algebra generated by any collection of subsets of a
set X is the smallest o-algebra of subsets of X containing that collection.

We assume those parts of measure theory that are entirely standard: the
monotone convergence and dominated convergence theorems, LP spaces,
and Fubini’s theorem. We briefly review a few other topics that might not
be as familiar.

A measure p on a measurable space (X, u) is said to be o-finite if X can
be written as a countable union of measurable sets of finite measure.

Definition A.5 Suppose p and v are two o-finite measures on a measure
space (X, Q). Then we say that p is absolutely continuous with respect
tov if for all E € Q, if v(E) = 0 then u(E) = 0. We say that pn and v
are equivalent if each measure is absolutely continuous with respect to the
other.

Theorem A.6 (Radon—Nikodym) Suppose p and v are two o-finite
measures on a measure space (X,§) and that p is absolutely continuous
with respect to v. Then there exists a non-negative, measurable function p
on X such that

wE) = /E p dv,

for all E € Q. The function p is called the density of p with respect to v.

Definition A.7 A collection M of subsets of a set X is called a mono-
tone class if M is closed under countable increasing unions and countable
decreasing intersections.

A countable increasing union means the union of a sequence E; of sets
where E; is contained in F;; for each j, with a similar definition for
countable decreasing intersections.

Theorem A.8 (Monotone Class Lemma) Suppose M is a monotone
class of subsets of a set X and suppose M contains an algebra A of subsets
of X. Then M contains the o-algebra generated by A.

Corollary A.9 Suppose p and v are two finite measures on a measure
space (X, Q). Suppose u and v agree on an algebra A C Q. Then p and v
agree on the o-algebra generated by A.

Note that in general, the collection of sets on which two measures agree
is not a o-algebra, nor even an algebra.
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Theorem A.10 Suppose p is a measure on the Borel o-algebra in a locally
compact, separable metric space X. Suppose also that u(K) < oo for each
compact subset K of X. Then the space of continuous functions of compact
support on X is dense in LP(X, u), for all p with 1 < p < co.

A word of clarification is in order here. If ¢ is a continuous function on
X with compact support, then fX [[” du is finite, since v is bounded and
w is finite on compact sets. Thus, we can define a map from C.(X) into
LP(X, ) by mapping a continuous function ¢ of compact support to the
equivalence class [¢)]. The theorem is asserting, more precisely, that the
image of C.(X) under this map is dense in LP(X, u). It should be noted,
however, that the map ¥ — [¢] need not be injective. After all, if there
is a nonempty open set U inside X with u(U) = 0, then for any i with
support contained in U, the equivalence class [¢] will be the zero element of
LP(X, u). Nevertheless, we will allow ourselves a small abuse of terminology
and say that C.(X) is dense in LP(X, p).

A.3 Elementary Functional Analysis

In this section, we briefly review some of the results from elementary func-
tional analysis that we make use of the text. Most of these results can be
found in the book of Rudin [32].

A.3.1 The Stone—Weierstrass Theorem

The Weierstrass theorem states that every continuous, real-valued function
on an interval can be uniformly approximated by polynomials. A substan-
tial generalization of this was obtained by Stone. If X is a compact metric
space, let C(X;R) and C(X;C) denote the space of continuous real- and
complex-valued continuous functions, respectively. A subset A of C(X;F)
is called an algebra if it is closed under pointwise addition, pointwise mul-
tiplication, and multiplication by elements of F, where F = R or C. An
algebra A is said to separate points if for any two distinct points x and y
in X, there exists f € A such that f(z) # f(y). We use on C(X;F) the
supremum norm, given by

1/ lsup == sup [f ()],
zeX

and C(X,F) is complete with respect to the associated distance function,

d(f7 g) = Hf - g”sup'

Theorem A.11 (Stone—Weierstrass, Real Version) Let X be a com-
pact metric space and let A be an algebra in C(X;R). If A contains the
constant functions and separates points, then A is dense in C(X;R) with
respect to the supremum norm.
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Theorem A.12 (Stone—Weierstrass, Complex Version) Let X be a
compact metric space and let A be an algebra in C(X;C). If A contains the
constant functions, separates points, and is closed under complex conjuga-
tion, then A is dense in C(X; C) with respect to the supremum norm.

A consequence of the complex version of the Stone—Weierstrass theorem
is the following: If K is a compact subset of C, then every continuous,
complex-valued function on K can be uniformly approximated by polyno-
mials in z and Z.

A.3.2  The Fourier Transform

We now describe the Fourier transform on R", in various forms.

Definition A.13 For any 1 € L*(R"), define the Fourier transform of
¥ to be the function 1 on R™ given by

o0

90 = n) 2 [ e dx

Proposition A.14 For any € LY(R™), the Fourier transform ¥ of 1 has
the following properties: (1) ‘ﬁ(k)‘ < 2m) 2|15 (2) Y is continuous,
and (8) (k) tends to zero as |k| tends to co.

The bound on 1/; is obvious and the continuity of 1/; follows from dom-
inated convergence. To show that 1/; tends to zero at infinity, we first es-
tablish this on a dense subspace of L'(R") (e.g., the Schwartz space; see
below) and then take uniform limits.

Definition A.15 The Schwartz space S(R™) is the space of all C*° func-
tions ¥ on R™ such that

lim }xjakz/}(x)’ =0

z—+o0

for all n-tuples of non-negative integers j and k. Here if j = (j1,...,jn)
I and
n

then x3 = i
. o J1 9 Jn

An element of the Schwartz space is called a Schwartz function.
Proposition A.16 If ¢ belongs to S(R™), then 1 also belongs to S(R™).

The proof of this result hinges on the behavior of the Fourier transform
under differentiation and under multiplication by z, results which are of
interest in their on right.
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Proposition A.17 If ¢ is a Schwartz function, the following properties
hold

1. We have .
.

2. The function z/AJ 1s differentiable at every point and the Fourier trans-
form of the function ;v (z) is given by

(k) = i1 (K). (A.2)

The first point is proved by integration by parts and the second by dif-
ferentiation under the integral in the definition of .

Theorem A.18 (Fourier Inversion and Plancherel Formula, I) The
Fourier transform on S(R™) has the following properties.

1. The Fourier transform maps the Schwartz space onto the Schwartz
space.

2. For all ¥ € S(R™), the function ¢ can be recovered from its Fourier
transform by the Fourier inversion formula:

o0

ww=@m%€/e%%@Mk

— 00

3. For all ¢ € S(R™), we have the Plancherel theorem:
[ w6l ax= [ jhoof ax

Since the Schwartz space is dense in L?(R™), the BLT theorem and Theo-
rem A.18 imply that the Fourier transform extends uniquely to an isometric
map of L2(R™) onto L2(R™).

Theorem A.19 (Fourier Inversion and Plancherel Theorem, IT)
The Fourier transform extends to an isometric map F of L*(R™) onto
L?(R™). This map may be computed as

F@)(k) = (27)"™? lim e~ Xy(x) dx, (A.3)

A—o0 |x|§A

where the limit is in the norm topology of L?>(R™). The inverse map F
may be computed as

(F71f) (x) = (2m)~™/% lim ek X f(k) dk.

A—o0 IX‘SA



A.3 Elementary Functional Analysis 533

If 4 belongs to L'(R™) N L?(R™), then by dominated convergence, the
limit in coincides with the L! Fourier transform in Definition A.13.

Definition A.20 For two measurable functions ¢ and v, define the con-
volution ¢ x Y of ¢ and ¢ by the formula

@x0)6) = | ox—y)uly) dy,

provided that the integral is absolutely convergent for all x.

Proposition A.21 Suppose that ¢ and 1 belong to L*(R™)NL*(R™). Then
¢ * 1 is defined and belongs to L*(R™) N L?(R™) and we have

(21) "2 F (¢ % ) = F(¢)F ().

This result is proved by plugging ¢ * 1) into the definition of the Fourier
transform, writing e~ as e~ %Y~ (*=¥) and using Fubini’s theorem.
We will have occasion to use the following Gaussian integral.

—ik-x

Proposition A.22 For all a > 0 and b € C, we have
1 o0 2 2
—z%/(2a) bz _ ab®/2
— e e’ dr =+/ae .
vV 27T w/foo \/_

Taking b = ik in the last part of the2 proposition gives us the Fourier
transform of the Gaussian function e~ /(%) Taking b = 0 allows us to
determine the proper normalization of the Gaussian probability density.

A.3.8 Distributions

In this section we give a brief account of the theory of distributions—what
physicists call “generalized functions”—including the notion of “derivative
in the distribution sense.”

The idea is that we study functions by studying their integral against
some class of very nice “test functions.” Consider, for example, a locally
integrable function f and consider integrals of the form

| xe0s0 dx (A1)

where x belongs to C2°(R™), the space of smooth, compactly supported
functions. We might think, for example, that y is positive, has integral
equal to 1, and is supported near some point a € R”. In that case, the
integral (A.4) is an approximation to the value of f at a, what physicists
describe as a “smeared out” version of f(a).
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Proposition A.23 Suppose f1 and fa are locally integrable functions on
R™. If
[ 0 dx= [ xG)sa(o0 dx
n Rn
for all x € C°(R™), then f1(x) = f2(x) for almost every x.

The idea now is that we allow objects that do not have values at points,
but for which something like (A.4) makes sense. Mathematically, we think
of (A.4) as a linear functional on C°(R™).

Definition A.24 A sequence xm € C°(R™) is said to converge to x €
C(R™) if (1) there exists a single compact set K containing the support
of all the xn’s, (2) xm converges uniformly to x, and (3) each derivative
of xm converges uniformly to the corresponding derivative of x.

Definition A.25 A distribution on R™ is a linear map T : C°(R") — C
having the following continuity property: If xm converges to x in the sense
of Definition A.24, T'(xm) converges to T(x).

The continuity condition on T should be regarded as a technicality, in
that any functional that is well defined and linear on all of C2°(R"™) and is
obtained in a reasonably constructive fashion will satisfy this property.

Example A.26 The Dirac §- “function” is the distribution 0 defined by

Definition A.27 If T is a distribution and f is a locally integrable func-
tion, the expression “T is equal to f7 or “I' is given by f”7 means that

700 = [ X)) dx

for all x € C°(R™).
Definition A.28 IfT is a distribution, define the distribution 0T /0x; by

the formula
oT B ox
700 =7(35):

It is easy to verify that if T has the continuity property in Definition
A .25, then so does 0T/dz;. Furthermore, if T is given by a continuously
differentiable function, then the derivative of T is in the distribution sense
coincides with the derivative of T' in the classical sense, as can easily be
shown using integration by parts. If 7" is a distribution, we may define AT
by repeated applications of Definition A.28, with the result that

(AT)(x) = T(Ax).
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Proposition A.29 If ¢ and ) are L? functions, the equation 0 /0x; = ¢
holds in the distribution sense if and only if

—<%,w> =(x,9)

for all x € C2(R™). Similarly, the equation A = ¢ holds in the distribu-
tion sense if and only if

(Ax,¥) = (x. 9)
for all x € C°(R™).
Proposition A.30 If T is a distribution on R and dT'/dx is the zero dis-

tribution, then T is a constant, meaning that there is some constant ¢ such
that

T(x) = /OO x(x)e du. (A.5)

— 00

Suppose, in particular, that if T"is given by a locally integrable function f,
and the derivative of T" is zero. Then Proposition A.30 tells us that for some
constant ¢, we have [ x(z)(f(z) — ¢) dz = 0 for all x € C2°(R). Then
Proposition A.23 tells us that f(z) = ¢ almost everywhere. This means that
if the derivative of f is zero, even in the weak (or distributional) sense, then
f must be constant.

A.3.4 Banach Spaces

In this section, we define Banach spaces and describe some of their elemen-
tary properties.

Definition A.31 4 norm on a vector space V over F (F =R or C) is a
map from V into R, denoted v — |||, with the following properties.

1. For ally € V, ||¢] > 0, with equality if and only if ¥ = 0.
2. For allvp € V and c € F, we have ||cp|| = || ||¢] -

3. For all ¢, €V, we have ¢+ || < ||o|| + Y]] -

If ||-|| is a norm on V, then we can define a distance function d on V by

setting d(¢, ) = [l — ¢||.

Definition A.32 A normed vector space is said to be a Banach space
if it is complete with respect to the associated distance function. A Banach
space is said to be separable if contains a countable dense subset.

One important class of examples of Banach spaces are the LP spaces.
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Definition A.33 An infinite series, y - | tn, with values in normed space
V, is said to converge if there exists some L € V' such that

[[Sn — L[| = 0,

lim
N — 00
N
where Sy =Y 4 ¥n.

Proposition A.34 IfV is a Banach space, then absolute convergence im-
plies convergence in V. That is, if

[e'S)
> lall < oo,
n=1

then Y| ¥y converges in V.

Definition A.35 If Vi and V5 are normed spaces, a linear map T : Vi —
V4 is bounded if
T
sup 7] < 0. (A.6)
vevivioy 1Yl

If T is bounded, then the supremum in (A.6) is called the operator norm
of T, denoted ||T|.

Theorem A.36 (Bounded Linear Transformation Theorem) LetV;
be a normed space and Vo a Banach space. Suppose W is a dense subspace
of Vi and T : W — V4 is a bounded linear map. Then there exists a unique
bounded linear map T : Vi — Va such that T|W = T. Furthermore, the
norm of T equals the norm of T.

Definition A.37 If V is a normed space over F (F = R or C), then a
bounded linear functional on V is a bounded linear map of V into F,
where on F we use the norm given by the absolute value. The collection of
all bounded linear functionals, with the norm given by (A.6), is called the
dual space to V, denoted V*.

Theorem A.38 IfV is a normed vector space, then the following results
hold.

1. The dual space V* is a Banach space.
2. For all i € V, there exists a nonzero & € V* such that
1§ = 1IElH -
In particular, if £(¢) = 0 for all £ € V*, then ¢ = 0.

Theorem A.39 (Closed Graph Theorem) Suppose that Vi is a Banach
space and Vo a mormed vector space. For any linear map T : Vi — Vb, let
Graph(T) denote the set of pairs (¥, Tv) in Vi x Vo such that ip € V1. If
the graph of T is a closed subset of Vi x Vo, then T is bounded.
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Here is a simple example of how the closed graph theorem can be applied.
Suppose V; and V5 are Banach spaces and T : V; — V5 is a linear map that
is one-to-one, onto, and bounded. Then the inverse map T~' : Vo — Vj is
automatically bounded. To verify this, we first check that if 7" is bounded,
then the graph of T is closed (easy). Then we observe that the graph of
T~ is also closed, since it is obtained from the graph of T by the map
(¢,7) = (1, ). Thus, the theorem tells us that 7! is bounded.

Theorem A.40 (Principle of Uniform Boundedness) Suppose {T,}
is any family of bounded linear maps from a Banach space Vi to a normed
space Vo. Suppose that for each ip € Vi, there is a constant Cy, such that
ITat)|| < Cy for all oo. Then there exists a constant C' such that | T, | < C
for all a.

That is, in contrapositive form, if the family {7, } is unbounded, {T,v}
must be unbounded on v for some ¥ € V7.

Corollary A.41 Suppose V is a Banach space and E is a nonempty subset
of V. Suppose that for all {& € V* there exists a constant C¢ such that
()] < C¢ for allp € E. Then E is a bounded set.

The corollary is obtained by identifying each 1) € V' with the linear map
ey 1 V* — C given by evaluation on #; that is, ey (§) = £(¢). Note that by
Point 2 of Theorem A.38, the norm of e, as an element of V** is equal to
the norm of ¥ as an element of V.

A.4 Hilbert Spaces and Operators on Them

A.4.1 Inner Product Spaces and Hilbert Spaces

We now introduce a generalization to arbitrary vector spaces over R or C
of the usual inner product (or dot product) on R™.

Definition A.42 An inner product on a vector space over F (F =R or
C)is a map {(-,-) : V. x V — F with the following properties.

1. For all ¢,v € V, we have (1, ¢) = (¢, ).

2. For all ¢ € V, (¢, d) is real and non-negative, and (¢, d) = 0 only if
¢ =0.

3. For all ¢, € V and ¢ € F, we have {cp, ) = c{p,v) and {(p,c)) =
c(@,v).

4. For all ¢,9,x € V, we have (¢ + ¢, x) = (¢, x) + (¥, x) and

(D, 0 +x) = (¢, 0) + (b, x) -
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Note that we are following the physics convention of taking the complex
conjugate in Point 3 of the definition on the first factor in the inner product.

Proposition A.43 If V is an inner product space, then for all ¢,1p €V,
we have the Cauchy—Schwarz inequality:

(6, 0) < (6, 0)(w,¥)
Furthermore, if ||-|| : V — R is defined by

[Pl = v/ (&, ), (A7)

then ||-|| is a norm on V.

Definition A.44 A Hilbert space is a vector space H over R or C,
equipped with an inner product (-,-), such that H is complete in the norm
given by (A.7).

That is to say, a Hilbert space is a Banach space in which the norm
comes from an inner product. In Appendix A.4 only, we allow H to denote
an arbitrary Hilbert space over R or C. (In the main body of the text, H
denotes a separable complex Hilbert space.)

Definition A.45 Suppose H; is a sequence of separable Hilbert spaces.
Then the Hilbert space direct sum, denoted

H = éHJ‘,
j=1

is the space of sequences 1 = (11,19,1)3,...) such that ¥, € H,, and such
that

1ol =D sl < oc. (A-8)
=1

The finite direct sum of the H;’s is the set of ¢ = (Y1, v2,v3,...) such
that 1; = 0 for all but finitely many values of j.

We define an inner product on the direct sum by setting

(6, 0) = (d).05) (A.9)

o0
j=1
for all ¢, € H. This inner product is well defined and H is complete with
respect to this inner product, and hence a Hilbert space.
One important example of a Hilbert space is L?(X, i), where (X, u) is a
measure space.
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Definition A.46 If (X, u) is a measure space, define an inner product on
L?(X, ) by the formula

(6,) = /X F@)(x) dulz). (A.10)

A standard result in measure theory states that the integral on the right-
hand side of (A.10) is absolutely convergent for all ¢ and 1 in L?(X, ).
It is then easy to verify that (-,-) is indeed an inner product on L?(X, ).
Another standard result states that L?(X, u) is complete with respect to
the norm associated with the inner product in (A.10); thus, L?(X, u) is a
Hilbert space.

A.4.2  Orthogonality

One reason that Hilbert spaces are nicer to work with than general Banach
spaces is that we have the concept of orthogonality.

Definition A.47 Two elements ¢ and ¥ of an inner product space are
orthogonal if (¢,1) = 0.

Definition A.48 If V is any subspace of H, define a subspace V* of H
by
VE={pcH|(p ) =0 forallp € V}.

Then V* is called the orthogonal space of V.
Proposition A.49

1. If V is a closed subspace of H, every v € H can be decomposed
uniquely as 1 = Py + b, with Yy €V and 1y € VL.

2. If V is any subspace of H, then (V1) =V, where V is the closure
of V. In particular, if V is closed, then (V)t = V.

If V is closed, we call V* the orthogonal complement of V.

Definition A.50 A set {e;} of elements of H, where j ranges over an
arbitrary index set, is said to be orthonormal if

[0 Ak
<%&w_{1 j=k-
An orthonormal set {e;} is an orthonormal basis for H if the space of
finite linear combinations of the e;’s is dense in H.
If H = L?(|-L, L]), for some positive number L, then the functions,

1/177, - 1 e27rinm/L

V2L ’

form an orthonormal basis for H.

n ez, (A.11)
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Proposition A.51 Suppose {e;} is an orthonormal basis for H. Then ev-
ery ¢ can be expressed uniquely as a convergent sum

’Q/J = Zaje‘j, (A12)
J

where the coefficients are given by a; = (ej,¥). If ¥ is as in (A.12), then
2 2
lol® = las*.
J
Finally, if (a;) is any sequence such that 3, |CLj|2 < o0, there exists a

unique ¥ € H such that {ej, ) = a; for all j.

In the case that the orthonormal basis is the one in (A.11), the resulting
series (A.12) is called the Fourier series of 1.

A.4.8 The Riesz Theorem and Adjoints

We let B(H) denote the space of bounded linear maps of H to H. It is not
hard to show that B(H) forms a Banach space under the operator norm.

Theorem A.52 (Riesz Theorem) If ¢ : H — C is a bounded linear
functional, then there exists a unique x € H such that

for all v € H. Furthermore, the operator norm of € as a linear functional
is equal to the norm of x as an element of H.

We now turn to the concept of the adjoint of a bounded operator, along
with the related concept of quadratic forms on H.

Proposition A.53 For any A € B(H), there exists a unique linear oper-
ator A* : H — H, called the adjoint of A, such that

(¢, AY) = (A"¢, )
for all ¢, € H. For all A,B € B(H) and «, 8 € C we have

(A7) =
(AB)* = B* A*
(eA + BB)* = aA* + B*
I"=1.

The operator A* is bounded and |A*|| = || A]l .
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Since A is a bounded operator, the map ¢ — (¢, A1) is a bounded linear
functional for each fixed ¢ € H. The Riesz theorem then tells us that there
is a unique x € H such that (¢, AY) = (x, 1) . The operator A* is defined
by setting A*¢ = x. It is not hard to check that this definition makes A*
into a bounded linear operator.

Definition A.54 An operator A € B(H) is said to be self-adjoint if
A* = A and skew-self-adjoint if A* = —A.

Definition A.55 An operator U on H is unitary if U is surjective and
preserves inner products, that is, (U, Up) = (p, 1) for all ¢,1p € H.

If U is unitary, then U preserves norms (||Uy|| = [|¢| for all ¢ € H);
therefore, U is bounded with ||U|| = 1. By the polarization identity (Propo-
sition A.59), if U preserves norms, then it also preserves inner products.

Proposition A.56 A bounded operator U is unitary if and only if U* =
U~1L, that is, if and only if UU* = U*U = I.

Proposition A.57 For any closed subspace V. C H, there is a unique
bounded operator P such that P =1 on V and P = 0 on the orthogonal
complement V. This operator is called the orthogonal projection onto
V and it satisfies P> = P and P* = P.

Conversely, if P is any bounded operator on H satisfying P2 = P and
P* = P, then P is the orthogonal projection onto a closed subspace V, where
V = range(P).

A.4.4  Quadratic Forms

In this section, we develop the theory of quadratic forms on Hilbert spaces.
Since this is customarily done only for the inner product itself, we include
the proofs of the results.

Definition A.58 A sesquilinear form on H is a map L: HxH — C
that is conjugate linear in the first factor and linear in the second factor.
A sesquilinear form is bounded if there exists a constant C' such that

IL(¢,9)| < Clol 1]l
for all ¢, € H.

Proposition A.59 If L is a sesquilinear form on H, L can be recovered
from its values on the diagonal (i.e., the value of L(1,) for various ¢’s)
as follows:

[L(¢ + i, ¢ + i) — L(¢, ¢) — L(it), iv))] . (A.13)

N —

| =
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This formula is known as the polarization identity.

Note that we do not assume any relationship between L(¢,¢) and L(v, ¢).
Proof. Direct calculation. m

Definition A.60 A quadratic form on a Hilbert space H is a map @ :
H — C with the following properties: (1) Q(M)) = |)\|2 Q) for allyp € H
and A € C, and (2) the map L : H x H — C defined by

L(¢,v) = 5 [Qo +¢) — Q(¢) — Q(¥)]

Q¢ +iv) — Q&) — Q(ir)]

1
2
1

2

is a sesquilinear form. A quadratic form @ is bounded if there exists a
constant C' such that

Qo) < C gl
for all p € H. The smallest such constant C' is the norm of Q.

Proposition A.61 If Q is a quadratic form on H and L is the associated
sesquilinear form, we have the following results.

1. For all v € H, we have Q(¢) = L(¢, ).
2. If Q is a bounded, then L is bounded.

3. If Q) belongs to R for all v € H, then L is conjugate symmetric,
that is,

L(¢, ) = L(¢,9)
for all ¢, € H.

Proof. Point 1 of the proposition is verified by taking ¢ = v in the expres-
sion for L(¢, 1) and then using the relation Q(M)) = [A]> Q(¢). For Point

2, suppose [Q(¥)] < C []]® for all ¢ € H.If g = [l = 1, then ¢ + ¢
and ¢ 4+ 41 have norm at most 2, and so

1
|L(¢7¢)| < 50(4+1+1+4+1+1)=60.

Now, for any ¢ and ¢ in H, we can find unit vectors ¢Z and 1E such that
¢ = ||é]| ¢ and ¢ = ||1|| ¥. Then since L is assumed to be sesquilinear, we
have

1L 9)| = 8] 191 £ (6,4) < 6C 8] 9]

showing that L is bounded.
For Point 3, assume that Q(1)) is real for all ¢» € H and define a map
M:HxH— R by

Q¢+ 1) — Q(¢) — Q(Y)] = Re[L(¢, ¥)] .

N =

M(g, ) =
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Then M is real-bilinear (because it is the real part of L) and symmetric
(because of the expression for M in terms of Q). Furthermore, M (i, iv)) =
M(¢,1). These properties of M show that M (¢,i) = —M (1,i¢), and so

=M1, ¢) + iM (1), i¢)
= L(/l/}, ¢)7

which is what we wanted to prove. m

Example A.62 If A is a bounded operator on H, one can construct a
bounded quadratic form Qa on H by setting

Qa(v) = (1, AY), ¢ € H.

The associated sesquilinear form La is then given by

La(¢, ) = (¢, AY), ¢, € H.

Proposition A.63 If QQ is a bounded quadratic form on H, there is a
unique A € B(H) such that Q(v) = (¢, Av) for all 1 € H. If Q(¢) belongs
to R for all ¢ € H, then the operator A is self-adjoint.

Proof. Since @ is bounded, L is also bounded, meaning that there exists
a constant C' such that |L(¢, )| < C||¢]| ||| for all ¢, € H. Thus, for
any ¢ € H, the linear functional ¢ — L(¢,%) is bounded, with norm at
most C'||¢|. By the Riesz theorem, then, there exists a unique x € H,
with ||x]| < C¢||, such that L(4,v) = (x,¥). We now define a map
B : H — H by defining B¢ = y. Direct calculation shows that B is linear,
and the inequality [|x|| < C'||¢|| shows that B is bounded. Setting A = B*
establishes the existence of the desired operator. Uniqueness of A follows
from the observation that if (¢, AY) = 0 for all ¢,¢» € H, then A is the
zero operator.

If Q(v) is real for all ¢ € H, then by Point 3 of Proposition A.61, L is
conjugate symmetric. Thus,

(¢, AY) = L(¢,v) = L(¢, ¢) = (¢, Ap) = (A, 1))

for all ¢, € H, showing that A is self-adjoint. m

A.J.5 Tensor Products of Hilbert Spaces

Recall from Appendix A.1 the concept of the tensor product of two vector
spaces.
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Proposition A.64 Suppose Vi and Vs are inner product spaces, with inner
products (-,-); and (-,-),. Then there exists a unique inner product (-,-) on
Vi ® Va such that

(u1 ® v1,u2 ® va) = (u1,uz); (V1 ® v2),
for all uy,us € Vi and vy, vy € Va.

If H; and Hs are Hilbert spaces, then we can equip the tensor product
H; ®H; with the inner product in Proposition A.64. If H; and Hs are both
infinite dimensional, however, H; ® Hy will not be complete with respect
to this inner product. Nevertheless, we can complete H; ® Hy with respect
to this inner product, thus obtaining a new Hilbert space.

Definition A.65 If Hy and Hy are Hilbert spaces, then the Hilbert ten-
sor product of Hy and Hy, denoted Hi®Ho, is the Hilbert space obtained

by completing Hy @ Ho with respect to the inner product in Proposition
A.64.

Proposition A.66 If Hy and Hs are Hilbert spaces with orthonormal
bases {e;} and {fi}, respectively, then {e; ® fr} is an orthonormal basis
for the Hilbert space H,®H,.

Proposition A.67 If A is a bounded operator on Hy and B is a bounded
operator on Hay, then there exists a unique bounded operator on H;&Hs,
denoted A ® B, such that

(A® B)(¢ ®@v) = (A9) ® (BY)
for all € Hy and ¥ € Ha.

To see that A® B is bounded, first write A® B as (A® I)(I ® B). Then,
given any orthonormal basis { f;} for Ha, we can decompose H;®Hs as the
Hilbert space direct sum of subspaces of the form H; ® f;. The operator
A ® I acts on this decomposition as a block-diagonal operator with A in
each diagonal block. From this, it is easy to verify that |A ® I|| = ||A]. A
similar argument shows that ||[I ® B|| = || B]|, and so

Ao B|| <[[Ax ||l Bl =[AllB]-

Meanwhile, by taking a sequence of unit vector ¢, € H; and v,, € Hy
with ||A¢,| — ||A]l and || By, || — || Bl , we see that the reverse inequality
holds, and thus that || A ® B|| = || 4| || B]| -
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Center of mass, 29
Classically forbidden region, 118,
313
Closed graph theorem, 536
Closed operator, 172
Closure of an operator, 172
Coherent
state, 249, 299, 329, 502
superposition, 427
Collapse of the wave function, 68
Commutator, 63, 73, 78, 342
Compact operator, 124
Complex structure, 494
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Connection formula, 315
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of angular momentum, 31,
33, 40, 49
of energy, 20, 24-26, 36
of momentum, 27, 28, 49
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Conserved quantity, 36, 40, 73,
464
Constant of motion, see
Conserved quantity
Continuous spectrum, see
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Convolution, 94, 533
Copenhagen interpretation, 14
Cotangent bundle, 459, 516
Covariant derivative, 470
Creation and annihilation
operators, see Raising
operator, lowering
operator
Cross product, 32, 338, 387, 389,
418
Curvature, 470, 487, 489
Cyclic vector, 162, 375

de Broglie hypothesis, 10, 12, 59,
70, 306

de Broglie, Louis, 10

Density matrix, 423

Dirac notation, 85

Direct integral, 126, 146

Discrete spectrum, see
Spectrum, discrete

Dispersion relation, 92, 108

Distribution, 533

Domain of an operator, 56, 111,
170

Double-slit experiment, 2, 6, 12

Eigenvector, 57, 66, 241
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convention, see
Summation convention

Einstein, Albert, 5, 15

Electron diffraction, 11

Elliptical trajectory, 43

Energy conservation, see
Conservation of energy

Entropy, see von Neumann
entropy

k1, see Totally antisymmetric
symbol

Equipartition theorem, 4, 5

Essential spectrum, 400

Essentially self-adjoint operator,
56, 172,179, 182, 184

Excited state, 117, 233

Expectation value, 65, 71, 77,
91, 104, 423, 427

Exponential

of a matrix, 339
of an operator, 74, 208

Exponentiated commutation
relations, 281, 471

Extension of an operator, 171

Fermi-Dirac statistics, 437

Fermion, 85, 384, 434, 435, 437

Feynman path integral formula,
444

Feynman-Kac formula, 449

Flow, 456

Fourier transform, 61, 92, 127,
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for a bounded operator,
141, 148, 156
for a normal operator, 214
for an unbounded operator,
125, 206
Fundamental solution, 95

Gauge transformation, 471
Gaussian measure, 448, 453
Generalized eigenvector, 120,
124, 126, 144
Generalized function, see
Distribution
Geometric quantization, 483
GL(n;C), 335
Groenewold’s theorem, 271
Ground state, 115, 232
Group velocity, 99, 102, 108

Half-forms, 480, 505, 509
Hamilton’s equations, 34, 36
Hamiltonian
flow, 38, 462, 463
operator, 70, 78, 79, 83, 84
system, 464
vector field, 37, 50, 461
Harmonic oscillator, 20, 227,
329, 473, 480, 520
Heisenberg picture, 13, 78
Heisenberg uncertainty principle,
see Uncertainty
principle
Heisenberg, Werner, 13
Hermite polynomials, 233
Hermitian
conjugate, 86
line bundle, 486
operator, 86
Hilbert space, 537
direct sum, 538
Hilbert—Schmidt operator, 264,
422
Holonomy, 488
Homomorphism
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of Lie algebras, 339, 344,
347
of matrix Lie groups, 336,
344, 347
Hydrogen atom, 8, 9, 393

Identical particles, 85, 434, 435
Imaginary time, 447
Incoherent superposition, 427
Infinitesimal generator, 208
Inner product, 537
Integral operator, 265
Interference, 2, 7, 13
Interpretation of quantum
mechanics, 14
Intertwining map, 351
Invariant subspace, 351
Inverse square law, 41
Irreducible representation, 351

Jacobi identity, 34, 50, 73, 338,
462

Kahler
polarization, 495
potential, 504
Kato—Rellich theorem, 191
Kepler problem, 41, 396
Kepler’s laws
first, 44
second, 32
third, 51
Ket, 85
Kinetic energy operator, 188

Kodaira embedding theorem,
503

Lagrangian, 446
submanifold, 500
subspace, 492
Laplacian, 83, 188
Lie
algebra, 35, 270, 338, 342,
369
derivative, 458



552 Index

group, 333

product formula, 340
Line bundle, 485
Liouville form, 37, 465
Liouville’s theorem, 37, 465
Lowering operator, 228, 232, 295

Maslov correction, 307

Matrix Lie group, 334, 335

Measurement, 68, 125, 143, 206,
428

Metaplectic correction, see
Half-forms

Minimum uncertainty state, 244,
249

Mixed state, 426

Moments, 65

Momentum

operator, 59, 62, 63, 82, 127,
186
wave function, 129

Monotone class lemma, 529

Morphism, see Intertwining map

Moyal product, 267, 288

Multiplication operator, 127,
147, 207

Multiplicity function, 150

Newton’s laws
second, 19, 24, 26
third, 27
Newton, Isaac, 2
“No go” theorem, 271
Nobel Prize, 6, 10, 12, 14, 438
Non-negative operator, 132, 166,
178, 181
Norm, 535
Hilbert—Schmidt, 264, 363,
422
operator, 131, 154, 340
Normal operator, 150, 213

Observable, 65
Old quantum theory, 306, 309
O(n), 336

One-parameter
subgroup, 341
unitary group, 74, 207, 210
Operator norm, see Norm,
operator
Orthogonal
complement, 539
projection, 541
Orthonormal basis, 67, 82, 123,
181, 235, 539
continuous, 128

Pairing map, 521

Partial connection, 510, 519

Particle in a box, 80, 245

Particle in a square well, 109

Partition function, 433

Path integral, 441

Pauli exclusion princple, 435

Phase velocity, 93, 99, 102, 108

Photoelectric effect, 6

Photon, 6

Plancherel theorem, 532

Planck’s constant, 5

Planck, Max, 5

Poisson bracket, 34, 40, 50, 269,
403, 460

Polarization, 492

Polarization identity, 541

Polarized section, 496

Position operator, 58, 63, 82,
126, 186

Potential energy

function, 20, 24
operator, 76, 185

Prequantization, 468, 472, 490

Prequantized operator, 469

Prequantum Hilbert space, 469

Principle of uniform
boundedness, 537

Product of unbounded
operators, 241

Projection-valued measure, 125,
138, 160, 202
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quantization, 258
Pure state, 65, 426

Quadratic form, 159, 542
Quantizable

function, 496

manifold, 490
Quantization, 255, 474

of observables, 478, 496, 514
Quantum field theory, 451

Radon-Nikodym theorem, 529
Raising operator, 228, 232, 295
Reduced mass, 30, 396
Relatively bounded operator,
191
Relatively compact
perturbation, 400
Representation
finite dimensional, 350
infinite dimensional, 360
projective unitary, 354, 362,
383
unitary, 353, 360
Reproducing kernel, 299
Resolvent
operator, 133
set, 133, 177
Riesz representation theorem,
158
Riesz theorem, 540
Rodrigues formula, 237
Runge-Lenz vector, 41, 42, 401
Rydberg constant, 8, 69, 398
Rydberg, Johannes, 8

Schrédinger equation
free, 91
time dependent, 70, 71, 76
time independent, 75
Schrédinger operator, 76, 83, 84,
111, 192
Schrédinger, Erwin, 14
Schur’s lemma, 353
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Schwartz space, 531
Section
of a direct integral, 145
of a line bundle, 485
Segal-Bargmann
space, 292, 329, 378, 477,
520
transform, 300
Self-adjoint operator
bounded, 55, 132, 541
unbounded, 56, 172, 180
Sesquilinear form, 541
SO(n), 336
SO(3), 365
so(3), 344, 370
so(4), 404, 406
so(n), 343
Spectral mapping theorem, 155,
215
Spectral radius, 154, 215
Spectral subspace, 125, 127, 137,
141, 206, 214
Spectral theorem
for a bounded operator,
141, 147
for a normal operator, 214
for an unbounded operator,
205, 206
Spectrum
continuous, 119
discrete, 119
of a bounded operator, 133
of a self-adjoint operator,
135, 177
of an unbounded operator,
177
Spherical harmonics, 376, 381,
393, 397
Spin, 371, 383, 384, 409, 434
Spin—statistics theorem, 435
Spread of wave packet, see wave
packet, spread of
Star product, 267
State of a system, 65, 422
Stationary state, 76
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Statistical mechanics, 4, 5, 433

Statistics, 435

Stoke’s theorem, 458

Stone’s theorem, 210

Stone-von Neumann theorem,
279, 286

Stone—Weierstrass theorem, 530

Strong continuity, 207

Subsystem, 430

Sum of self-adjoint operators,
174, 190

Summation convention, 402

SU(n), 336

su(2), 348

su(n), 343

Symmetric operator, 56, 171

Symplectic

manifold, 459
potential, 469, 487
Symplectomorphism, 459

Tensor product
of Hilbert spaces, 84, 429,
543
of line bundles, 488
of operators, 430, 528, 544
of representations, 358, 385
of vector spaces, 527
Totally antisymmetric symbol,
402
Trace of an operator, 264, 421
Trace-class operator, 421
Trajectory, 20
Trotter product formula, 442
Tunneling, 118

Turning point, 311, 315, 323
Two-slit experiment, see
Double-slit experiment

U(n), 336
Unbounded operator, 56, 124,
170
Uncertainty, 241
of an operator, 70
principle, 70, 239
Unitary equivalence, 150
Unitary operator, 221, 541
Universal covering group, 348,
357

van Hove’s theorem, 272
Vector, 387

operator, 388, 410
Vector field, 50, 455, 468
Vector product, see Cross

product

Vertical polarization, 493
von Neumann entropy, 426

Wave packet, 97
spread of, 104

Wave-particle duality, 6

Weyl quantization, 257, 260,
261, 287

Wick-ordered quantization, 258

Wiener measure, 448

Wigner—Eckart theorem, 387,
391

WKB approximation, 195, 305
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