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Preface

The plan for this book arose from the desire for an introductory text on spectral
theory, which would not assume functional analysis as a prerequisite. I wanted this
text to include applications involving the Laplacian operator, and yet be concise
enough to be covered in a single semester. The inspiration comes in large part from
requests for independent study projects from undergraduate or first-year graduate
students. Many of these students have proposed topics in particular application areas
of spectral theory, such as automorphic forms, differential geometry, or quantum
mechanics. Although such applications are covered in sources such as Chavel [19]
or Iwaniec [47], books at this level generally assume basic functional analysis and
spectral theory as a prerequisite. Most of my independent study students have had
some real and complex analysis, but not functional analysis. I wanted to have a
text or short course that would bridge the gap between this background and more
specialized topics.

Although there are many good introductory books on functional analysis, the
shorter, one-semester texts generally do not include enough material on unbounded
or differential operators for the applications I had in mind. Books that do cover this
part of spectral theory comprehensively, such as the excellent series of Reed and
Simon [69-72], are much longer and therefore less suitable for a quick introduction.

The present text thus represents my attempt to produce a short, accessible
account of spectral theory that could serve as an introduction to a broad variety
of application areas involving the Laplacian operator. It is primarily based on notes
from a functional analysis course that I first gave about 15 years ago. To fit both
the introductory theory and some interesting applications into one semester posed
a significant challenge; it is already difficult to squeeze the essentials of functional
analysis into a single term. My strategy was to focus on a relatively small list of
applications (Weyl’s law for bounded domains, the theory of Schrédinger operators
with positive potentials, etc.). I built the first half of the course around these topics,
limiting the coverage of functional analysis background to the material that was
necessary for the chosen examples.

The outline for this book was developed by the same approach. The result is a
treatment of functional analysis that differs from more traditional texts in two major

vii



viii Preface

ways. First, the focus is almost exclusively on separable Hilbert spaces, and much
of the Banach space theory is omitted. Second, the theory of unbounded operators
is developed from the beginning, rather than as an addendum to the bounded case.
Applications to differential operators are introduced as early as possible, mainly in
the examples.

After a brief historical introduction in Chapter 1, the main body of the text
is roughly divided into two parts. Chapters 2 through 5 cover the theoretical
background, from the theory of Hilbert spaces and unbounded operators to the proof
of the spectral theorem. These chapters are sequential and strongly interdependent.
The second part, consisting of Chapters 6 through 9, is devoted to more specific
contexts such as the Dirichlet Laplacian or Schrodinger operators. These later
chapters are essentially independent and could be read in any order. This structure
provides the flexibility to support a one-semester functional course, a special topics
course, or an independent study project in a particular application area.

The book is aimed at an advanced undergraduate or beginning graduate level. The
reader is assumed to have background including real and complex analysis, measure
theory, and linear algebra, but no previous knowledge of functional analysis. The
necessary background material is sketched in the appendix, with references.

Acknowledgments 1t is a pleasure to thank Evans Harrell for encouragement and
advice regarding the content of this text. I am also grateful to my students Kenny
Jones and Varoon Pazhyanur, who worked through parts of the manuscript while
it was in development. Thanks also to Loretta Bartolini at Springer, for patience
and helpful advice during the development process, and to the series editors and
anonymous reviewers for helpful comments and suggestions.

Atlanta, GA, USA David Borthwick
October 2019
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Chapter 1
Introduction

Check for
updates

In 1671 Isaac Newton adopted the Latin word “spectrum” to describe the spread of
colors illustrated in Figure 1.1, produced by passing white light through a prism.
The origins of spectral theory can be traced much earlier, however, in the context
of sound waves. Pythagoras discovered the relationship between the length of a
vibrating string and the musical pitch it produces, some 2000 years before Newton.
This observation is arguably the starting point for spectral theory.

400

500 600 700
Fig. 1.1 The spectrum of visible light

Wavelength(nm)

Marin Mersenne refined the work of Pythagoras in 1636, noting that the vibrating
string produces, in addition to its fundamental tone, a simultaneous set of overtones.
The frequencies of these overtones, visible as sharp peaks in Figure 1.2, are integer
multiples of the fundamental frequency. A century after Mersenne, Jean-Baptiste
d’ Alembert explained the overtone phenomenon by developing the wave equation as
a model for the motion of the string. The wave equation admits sinusoidal solutions
whose frequencies come in integer multiples. This is the first historical case of an
observable spectral phenomenon being explained in terms of differential equations.

Another great milestone in the mathematical development of spectral theory is
Joseph Fourier’s study of the heat equation in 1807, based on the decomposition
of functions into trigonometric series. Fourier’s work led to the first systematic
treatment of the spectra of ordinary differential equations by Charles Sturm and
Joseph Liouville, in the 1830s. The spectral theory of partial differential operators
was subsequently developed by Gustav Dirichlet and Henri Poincaré, among others.
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Fig. 1.2 The frequency
spectrum of a violin A string,
tuned to 440 Hz
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Matrix theory was also emerging during the same period. The concept of the
spectrum of a matrix first appears in the late eighteenth century, in the work of
Joseph-Louis Lagrange. Lagrange defined the moments of inertia of a rigid body in
terms of the characteristic values of a matrix. This application inspired Augustin-
Louis Cauchy to prove the spectral theorem for real symmetric matrices in 1826,
which was generalized to complex self-adjoint matrices by Charles Hermite in 1855.

With hindsight, the parallels between the matrix and differential operator ver-
sions of spectral theory are evident. The connection did not become explicit,
however, until the early 1900s. David Hilbert, building on the work of Vito Volterra
and Ivar Fredholm on integral equations, developed the spectral theory of integral
operators. This essentially generalizes the matrix theory to the context of infinite-
dimensional function spaces. The link to differential operators lies in the fact that
the primary integral operators of interest were solution operators (Green’s functions)
for classical PDE. Hilbert coined the term “eigenvalue” and was the first to refer to
the set of eigenvalues of a matrix or operator as its spectrum. His research laid the
foundation for the modern development of spectral theory and functional analysis.

On the empirical side, physical observations of the spectrum had evolved
dramatically in the nineteenth century. In 1802 William Wollaston introduced a
spectrometer accurate enough to detect dark absorption lines in the spectrum of
sunlight. Anders Jonas Angstrom discovered that hot gases produce characteristic
emission lines around 1860, and was able to deduce the presence of hydrogen in
the sun by observing the characteristic emission lines shown in Figure 1.3. A few
years later, Jules Janssen discovered a new element, helium, by analyzing the solar
spectrum during an eclipse.

The existence of these absorption and emission lines posed a serious challenge
for classical physics: Why would atomic spectra be discrete? This challenge was
soon compounded by other physical observations, involving black body radiation
and the photoelectric effect, which revealed spectral anomalies not explained by
classical models. The need to explain these discrepancies ultimately led to the
development of quantum mechanics in the early twentieth century, by pioneers
including Max Planck, Niels Bohr, Werner Heisenberg, Louis de Broglie, Arthur
Compton, Albert Einstein, Erwin Schrodinger, and Max Born. The turning point
for the speculative quantum theory came in 1926, when Schrodinger published his



Notes 3

Fig. 1.3 The visible hydrogen emission lines in the Balmer series

analysis of the spectrum of atomic hydrogen. Schrodinger showed that the atomic
emission lines were determined by the spectrum of a particular differential operator,
as predicted by the quantum theory.

Inspired by these revolutionary developments in physics, Marshall Stone and
John von Neumann sought to provide a mathematical foundation for quantum
mechanics by extending the spectral theory of Hilbert. Independently, during the
period 1929-1932, they established a general spectral theorem for linear operators.
This result generalizes the matrix theory of Cauchy and Hermite to a context that
includes partial differential operators, finally pulling together the distinct lines of
the development of spectral theory into a consistent framework.

The advances by Stone and von Neumann set the stage for the rapid development
of spectral theory as a research area in mathematics. Although quantum mechanics
provided much of the initial motivation, the modern development of the field
is notable for rich connections to other areas of mathematics, including partial
differential equations, harmonic analysis, number theory, differential geometry, and
operator algebras.

Notes

This brief historical sketch emphasizes topics covered later in this book and is not
meant to be comprehensive. Sources for this material include Birkhoff and Kreysig
[12], Dieudonné [25], Monna [63], and Steen [86].



Chapter 2 )
Hilbert Spaces e

To set the stage for our development of spectral theory, we must first introduce
some basic tools of functional analysis. The scope of this discussion will be limited
to those aspects of the theory which will be needed later in the book. This means
that the focus is primarily on Hilbert spaces, and we will sometimes state results in
less than full generality for the sake of simplified exposition.

2.1 Normed Vector Spaces

Vector spaces in this book are assumed to be defined over the complex numbers,
unless otherwise indicated. The standard finite-dimensional example is C". The
length of a vector z € C" is defined by

Iz| ' = V72

(2.1)
= \/Iz1|2 + -+ lzal%

where z = (z1,...,2,). Note that |z| is equal to the Euclidean length of the
corresponding vector in R?". This length function serves as the prototype for the
following:

Definition 2.1. A norm on a complex vector space V is a function ||-|| : V — R
satisfying, for all v, w € V and a € C:

(i) positive definiteness: ||v]| > 0 and ||v|| = 0 if and only if v = 0;
(i) homogeneity: ||av| = |al||v];
(iii) triangle inequality: ||lv + w| < ||v]| + [|w]|.
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6 2 Hilbert Spaces

Example 2.2. For a compact subset K C R”", let C(K) denote the space of
continuous functions K — C. Continuous functions on a compact set are bounded,
so a natural choice of norm is

I £l = sup [ f(x)].
xekK

It is easy to check that the properties of Definition 2.1 are satisfied in this case. ¢
A normed vector space V is naturally equipped with a metric topology defined
by the distance function
dist(v, w) = |[lv — w||.
In particular, a sequence {v,} C V converges to w € V if

lim ||jv, — w]| = 0.
n—oo

Because we are often trying to establish the existence of a limit, it is extremely
useful to have a notion of convergence that does not make reference to the limit
vector. The sequence {v,} is Cauchy if

lim |v, —vn| =0.
n,m— 00

A convergent sequence is automatically Cauchy, by the triangle inequality. If every
Cauchy sequence in V converges in V), then V is said to be complete as a metric
space. Such spaces were studied extensively by Stefan Banach in the early 1920s.

Definition 2.3. A complete normed vector space is called a Banach space.

Series are also well defined in a normed vector space, with convergence defined
in terms of the limit of partial sums. We say that a series > uy with uy € V is
absolutely convergent if

0
> luxll < oo
k=1

The completeness of a normed vector space can also be formulated in terms of the
connection between convergence and absolute convergence.

Theorem 2.4. A normed vector space V is complete if and only if every absolutely
convergent series is convergent.

Proof Suppose that ) is complete, and let ) uy be an absolutely convergent series.
The difference of two partial sums can be estimated by the triangle inequality,
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m n m
Zuk— Ug|l = Z Uk
k=1 k=1 k=n+1
m
< >0 el
k=n+1

assuming m > n. Since ) _|luk|| < oo, this shows that the sequence of partial sums is
Cauchy. Therefore, the series > u; converges in V by the completeness hypothesis.

Now assume that all absolutely convergent sequences converge in V, and let {w, }
be a Cauchy sequence. Using the Cauchy property, we can choose a subsequence
{wpy, } such that

Wi, — Wy Il <27F 2.2)

fork € N. Let u := wy, and uy 1= wy,, — wy,_, fork > 2, so that

m
> = w,. 2.3)
k=1

By (2.2), the series ) uy converges absolutely, and therefore the subsequence {w,, }
converges. A Cauchy sequence with a convergent subsequence is convergent, by the
triangle inequality. O

2.2 LP? Spaces

A measure space is a triple (X, M, u) consisting of a set X, a o-algebra M of
subsets of X, and a countably additive measure function i : M — [0, co]. We will
generally assume that X is o-finite, meaning that X admits decomposition into a
countable union of sets of finite measure. Associated with the measure is an integral
denoted by

fHAfW,

defined for a measurable function f as long as f > 0 or fX| fl < oo. (See
Appendix A.l for a brief review of measure and integration theory.) In the case
of Lebesgue measure on R”, we resort to the usual calculus notation, with d"x
denoting the Lebesgue integral.

To each measure space we associate a family of normed function spaces
LP(X,dw), for 1 < p < oo. For finite p this consists of measurable functions
for which
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/ If1P du < oo, (2.4)
X

subject to the equivalence relation f ~ g if f = g almost everywhere with respect
to . For a subset £2 C R”, Lebesgue measure is assumed by default, and we simply
write L?(£2) in this case.

The condition (2.4) defines a linear space by the convexity of the function x? for
p € [1, 00). The natural choice for a norm on L” (X, du) is

£l = (/lel”du>p.

The power 1/ p is included for the sake of homogeneity, and the equivalence relation
guarantees that ||-||, is positive definite. The triangle inequality for [|-||, is known
as the Minkowski inequality:

If+gllp = 1Fllp+ lIgllp- (2.5)

See Appendix A.2 for the proof.
For a continuous, compactly supported function f, it is easy to check that

lim || |, = sup|f].
p—00

This suggests that the appropriate extension of the L” norm to the case p = 0o
should be a sup norm. We therefore define L>°(X, du) as the space of functions
f : X — C which are bounded almost everywhere with respect to w, under the
same equivalence relation as for the other L? spaces. The sup norm is adapted to
the equivalence relation by setting

[ flloo :==inf{m e R: |f| <ma.e.].
This is called the essential supremum of | f|.
We use a lowercase £ to distinguish L? spaces based on counting measure. That
is, if X is a discrete set, such as N or Z, then
L2 (X) = LP(X,dv),
where v denotes counting measure. For example, functions N — C are naturally

identified with sequences, and integration with respect to counting measure is series
summation. Thus, the norm on £7(N) is given by

00 1

P

(a1, a2, .. )llp = (Zm,v’) :
Jj=1
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One of the fundamental results of the Lebesgue integration theory is the
completeness of L? spaces. This was originally proven independently for p = 2
by Frigyes Riesz and Ernst Fischer.

Theorem 2.5 (Riesz-Fischer). For p € [1, o0, L? (X, du) is a Banach space.
The proof is given in Appendix A.2.

2.3 Bounded Linear Maps

A linear map between vector spaces is called an operator. We will adopt a more
specialized usage of this term in Section 3.1, in the context of Hilbert spaces. Here
we focus on more basic definitions and results. Throughout this section, V and W
are assumed to be normed vector spaces, not necessarily complete unless explicitly
indicated.

Definition 2.6. An operator 7 : V — W is bounded if there exists a constant
C > 0 such that

ITv]l < Cllv|l, forallve V. (2.6)
The space of bounded operators ¥V — W is denoted by L£(V, W), which is
simplified to £(V) in the case W = V.

It is not difficult to see that a linear map satisfies (2.6) if and only if it is
continuous; the proof is left to Exercise 2.1. The set £(), W) clearly forms a vector
space. The operator norm, defined for T € L(V, W) by

IT|:= sup [[Tv] 2.7
lol=1

is the optimal constant for the inequality (2.6). It is easy to verify that this has the
properties of a norm.

The operator norm satisfies a convenient multiplicative estimate: for T €
LWV, V2)and S € LV, V3), we have ST € L(V1, V3) and

ISTI < ISTIT - (2.8)

This follows directly from the definition (2.7).

Example 2.7. Suppose V = C" with the Euclidean norm (2.1). Then for T €
LC", W),

n
1Tzl < lzjllTe;l,

j=1
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where z = (z1,...,z4) and {e;} is the standard coordinate basis. If M :=
max({||Te;|l}, then

1Tzl < Mnlz],

and so 7 is bounded. This argument can be extended to show that an operator VV —
W is bounded whenever V is finite-dimensional. O

Example 2.8. Let (X, M, u) be a measure space. For f € L (X, du), we define
the multiplication operator My on LP (X, du),

My v fo.
Since | f| < || f oo almost everywhere, we can estimate

Ifvllp < 1 f leollvllp-

Thus, M7 is bounded with || M ¢|| < || fllco-

In fact, these norms are equal. For a < || f|lco, S€t A := {|f| > a} and let x4
denote the characteristic function of A. Note that || xall, = (A), which is strictly
positive by the choice of a. The estimate

Ifxallp = alixallp

thus shows that [|M ¢|| > a forall a < || f|lc. Therefore

Myl = 11 f lloo-

¢

Example 2.9. Let)V = c! [0, 1], the space of continuously differentiable functions
on the interval [0, 1], and W = C[0, 1], both equipped with the sup norm. The

derivative T := d/dx is well defined as an operator V — W, but clearly not
bounded. For example, the functions f,(x) := x" satisfy sup|f,] = 1 and
sup |Tf,| = n. 0

Certain aspects of linear algebra carry over directly to the theory of bounded
operators. The kernel of T € L(V, W) is defined by

ker(T) :={veV: Tv=0},
and the range is the image,
range(T) :={Tv: v e V}.

The rank of T is the dimension of the range, which might be infinite. There is no
rank-nullity theorem for 7" unless V is finite-dimensional.
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By linearity, ker(T') is a subspace of V, and T is injective if and only if ker(7") =
{0}. The bijectivity of T is equivalent to the existence of an inverse linear map
T~!: W — V. However, the inverse map 7! is not necessarily bounded.

An isometry is a map between metric spaces that preserves the distance between
points. For operators on normed vector spaces, this is equivalent to preserving the
norm. That is, an operator T € L(V, W) is an isometry if and only if

ITv] =[]

for all v € V. Note that isometries are not required to be invertible. An example of
this is the right shift operator on £%(N), which maps the sequence (aj, az,...) to
(Oaa]5a27 "')‘

2.3.1 Operator Topologies

The metric topology on L(V, W) defined by the operator norm is naturally called the
operator topology. The following result shows that this choice is natural, in terms
of completeness.

Theorem 2.10. If V and VW are normed vector spaces and VW is complete, then
LV, W) is complete with respect to the operator norm.

Proof Let {T,} be a Cauchy sequence in L(V, W). Forv € V,
10 — Tyoll < 1T — Tulllivll

implying that the sequence {7, v} is Cauchy in V. Therefore, by the completeness
of W, we can define T'v as the limit

Tv:= lim T,v. (2.9)
n—o0
It follows from the linearity of the maps 7, that T is linear. To see that T is bounded,
we note that a Cauchy sequence is necessarily bounded, so there exists a constant
M < oo such that || T,,|| < M for all n. It follows that that ||T|| < M also.

It remains to show that 7,, — T with respect to the operator norm. Since {7},} is
Cauchy, given ¢ > 0 there exists N so that ||7,, — T,,,|| < € for n, m > N. For a unit
vector v, we can choose m > N so that |T,,v — Tv| < &, by the definition (2.9).
For n > N, this gives

I(Tw = D)ol = I(Th = T)vll + [ Tnv — Tl

< 2e.

Since N was chosen independently of v, this shows ||7,, — T'|| — O. m|
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Convergence in operator norm is the analog of uniform convergence for ordinary
functions. In fact the operator topology is sometimes referred to as the “uniform”
topology.

There are also weaker notions of convergence for operators that prove to be
quite useful. For example, the analog of pointwise convergence of functions is the
following. We say that 7,, — T in the strong operator sense if

lim ||T,v — Tv| = 0, (2.10)
n—oo

for all v € V. Strong operator convergence has already played a role in the proof of
Theorem 2.10. The limiting operator T was first obtained as a strong limit in (2.9).
We then used the Cauchy assumption to upgrade to operator convergence.

The use of the term “strong” here is perhaps confusing, since strong operator
convergence is evidently weaker than operator-norm convergence. The intended
comparison is to another topology defined as follows. The dual space of a
topological vector space W is

W= LW, C),

i.e., W is the space of continuous linear functionals W — C. We say that T, — T
in the weak operator sense if

lim F(T,v) = F(Tv) @2.11)

forall v € ¥V and F € W'. Clearly, strong operator convergence implies weak
operator convergence, because of the continuity requirement on functionals in the
dual space.

Example 2.11. Suppose T denotes the left shift operator on ¢>(N), defined by
T(ay,az,...):=(az,as,...).

Clearly IT¥|| = 1 for all k € N, so TX does not converge to O in the operator
topology as k — co. On the other hand, since

HTk(a],az,...)H2 = Z a2

j=k+1

and ) |a; |2 < 0o, we have T¥ — 0 in the strong sense.
Now let S denote the right shift operator

Sai,ar,...) = 0,ay,a,...).
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Since ||S*a|| = |la|| for each a € ¢*(N), S¥ clearly does not converge to O in the
strong operator sense. However, we do have S — 0 in the weak operator sense. The
Riesz lemma, to be proven in Section 2.6, identifies the dual space of 02 (N) with
£2(N) itself. That is, a continuous linear functional F : £2(N) — C corresponds to
a unique element b € EZ(N) such that

F(a) = (b, a).
Fork e N,
e.¢]
(b, S*a) = "bja;
j=1
= (T*b, a).
Since T¥ — 0 in the strong operator sense, S — 0 in the weak sense. O

Example 2.12. Consider multiplication operators on L?”(X,du), defined as in
Example 2.8. For a sequence {f,} C L°°(X, dw), assume that f, — 0 pointwise
and || f4llco < C for some constant C. The dominated convergence theorem implies
that

lim [ | foul? dp =0
n—oo X

foru € LP(X, du). Hence, My, — 0 in the strong operator sense.
To check for operator-norm convergence, we can use the estimate

I fattllp < N fulloolluellp-

This shows that My, — 0 in the operator topology provided that || f,|lc — 0, i.€e.,
if f, — 0 uniformly. O

2.3.2 Uniform Boundedness

We conclude this section with a fundamental result in functional analysis, some-
times called the Banach—Steinhaus theorem. Our main use for this will be to convert
weaker pointwise bounds on operators into estimates of the operator norms.

Theorem 2.13 (Uniform Boundedness Principle). Ler V be a Banach space and
W a normed vector space. Assume that a subset F C L(V, W) satisfies

sup ||[Tv] < oo
TeF
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foreachv € V. Then F is uniformly bounded in the sense that

sup || T < oo.
TeF

Proof We will prove the contrapositive statement, starting from the assumption
that

sup ||T] = oo.
TeF

This assumption implies that there exists a sequence {7;,} C F such that
1Tl > 4",
for all n. Our goal is to construct a convergent sequence v, — v such that || T, v, ||

grows fast enough to ensure that ||7,,v|| — oo. This will produce a vector v for
which

sup ||Tv] = oo.
TeF

To set up the construction of {v,}, we first observe that for all v € V and ¢ > 0,

1
ITall = = sup ([ Tull. (2.12)

ueV:|lu—v|<e

This follows by first noting that the triangle inequality implies

1 1
| Thwl < 5||Tn(vo+w)|| + 5||Tn<vo —w)

3

and then taking the supremum over ||w|| < & on both sides.

Fix a constant ¢ with % < ¢ < 1. The sequence {v,} is constructed by induction
starting from some arbitrary vy € V. Given v,_1, there exists according to (2.12) a
vector v, € V such that

vy — va—tll < 37"
and
I Tvpll = 37" Tl (2.13)

The resulting sequence {v,} is Cauchy, because for m > n,

o] . 3—n
lom —vall = Y 37K ==,
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By completeness, there exists v € V such that v, — v. Taking m — oo in (2.14)
gives

—n

>

lv— vl <
Combining this with (2.13) yields the lower bound
I1Tovll = 1 Thvpll = 170 (v — va)l
> (c=3)37" Tl
Therefore, by the assumption that || 7, || > 4",

| T, v| > (c _ %)(%)n.

Because ¢ > %, this yields || T, v|| — oc. m|

2.4 Hilbert Spaces

In Euclidean C", the square of the norm can be written as a dot product 7 - z, which
is the restriction to the diagonal of the pairing,

(Z,w) = Z-w.

This pairing is called a sesquilinear function of (z, w), meaning conjugate-linear in
the first variable and linear in the second. The placement of the conjugate is a matter
of convention. We follow the quantum mechanics style here in conjugating on the
first variable rather than the second.

Definition 2.14. An inner product on a complex vector space V is a sesquilinear
pairing (-, -) : V x V — C satisfying the following conditions:

(i) (v,v) =0forallv € V, and (v, v) = 0if and only if v = 0.
(i) (u,v) = (v,u)forallu,v e .

By analogy to the Euclidean case, we can create a norm from the inner product
by setting

vl == v/ (v, v). (2.15)
Positive definiteness and homogeneity of the norm follow immediately from the

defining conditions of the inner product. To establish the triangle inequality, we first
prove the following:
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Lemma 2.15 (Cauchy-Schwarz Inequality). If (-, ) is an inner product on a
complex vector space V, then

[(v, w) < fvllllwll (2.16)

forv, w €V, where |-|| is defined by (2.15).

Proof The result is trivial if w = 0, and for w # 0 we can reduce to the case
|lw|| = 1 by rescaling. For ||w|| = 1 the inequality follows from

0< ||v —(w, v)wH2
= lvI* = l{w, v)*.
O
Using Cauchy—-Schwarz, it is now easy to see the (2.15) satisfies the triangle
inequality. We can simply estimate
v+ wi* = lv]* + 2Re(v, w) + [lw]|?
< vl +2fvllllwll + llw]?

= (vl + lwlh?.

This completes the argument that (2.15) is a norm.

Example 2.16. For a measure space (X, M, 1), consider the space L?(X, djt). The
pairing

(f. 8) :=/X7g m

is related to the L? norm by (2.15), and clearly satisfies the properties of an inner
product. O

None of the other L? spaces with p # 2 are inner product spaces. One way to
see this is by means of a simple identity from Euclidean geometry.

Lemma 2.17 (Parallelogram Law). For a normed vector space V, there exists an
inner product for which ||v||? := (v, v) if and only if

lu+ vll? + llu — v)|* = 2)|ull® + 2[v]|?

forallu,v eV.

The proof of Lemma 2.17 is a straightforward calculation. The main point is the
polarization identity,
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1
(. v) = 3 (eI = e = vl + i+ i) = i = iv]). 2.17)

which is a direct consequence of (2.15). For any norm, the right side of (2.17) defines
a candidate for an inner product. The condition that this function is sesquilinear is
equivalent to the parallelogram law.

An inner-product space carries a metric topology defined by the canonical norm
(2.15). As with normed vector spaces, completeness is an essential property for
many applications.

Definition 2.18. A Hilbert space H is a complete inner-product space.

Function spaces with complete inner products played an important role in the
work of David Hilbert and others on integral equations, in the first decade of
the twentieth century. It was von Neumann who later coined the term “Hilbert
space.” The fundamental example is L2(X, du). All of the explicit Hilbert spaces
encountered in this book will be either L? spaces or related spaces based on some
modification of the L? bracket.

The polarization identity shows that an isometry of inner product spaces
preserves the inner product as well as the norm. A unitary map is a bijective
isometry between Hilbert spaces. Operators 71 € L(H1) and Tp € L(H,) are
said to be unitarily equivalent if they are conjugate to each other by a unitary map
U : Hi — H,, meaning that

T,=UTU .

Example 2.19. On L*(R") the Fourier transform is defined as an extension of the
integral

f &) = Qm)™"? /R e F(x)d"x. (2.18)

Although the right-hand side makes sense only if f is integrable, Plancherel’s
theorem (reviewed in Appendix A.3) says that the map F : f +— f extends by
continuity to a unitary operator on L?(R"). O

For an inner product space V which is not complete, we can define its abstract
completion by a standard metric space construction. Let V be the set of equivalence
classes of Cauchy sequences in V, where {u;} ~ {v;} if

lim [lu; — v, = 0.
Jj—>00

The inner product of two Cauchy sequences is defined in the obvious way by

(). (vj3) = Jim (uj.v)). (2.19)



18 2 Hilbert Spaces

One can check that this yields a well-defined inner product, with respect to which %
is a Hilbert space; see Exercise 2.2. The original space V is naturally embedded as
a dense subspace of v, by associating a constant sequence to each vector.

Given two Hilbert spaces H and H>, the direct sum is defined as the set of pairs
(uy,up) € Hy x Hap, with

(1, u2), (v, v2)>H.xH2 = (ur, vy, + (U2, v2)3,-

To extend this definition to a countable sum requires an extra restriction. For the
sequence of Hilbert spaces {H ; ,1, we define

o
PH = {wiuz...): ujeH,, Znu,-u?Hj < oo} (2.20)
=1
The assumption on norms guarantees convergence of the inner product defined by
o
((M1’u29"')7(v17U29"' Zujav]
j=l1

We leave to Exercise 2.3 to check that the countable direct sum is complete and
therefore a Hilbert space.

2.5 Sobolev Spaces

Many of the applications developed later in this book involve differential operators.
One of the primary tools used to analyze such operators is a family of function
spaces defined by requiring derivatives up to a certain order to lie in an L” space.
Although Beppo Levi was the first to consider such spaces, in the early twentieth
century, they are named for Sergei Sobolev, whose systematic development in 1950
[84] helped to establish their fundamental importance in PDE theory. For simplicity,
we will develop only the p = 2 case, since this covers all of our applications.

2.5.1 Weak Derivatives

The classical notion of derivative does not apply to L? functions, which are not
necessarily even defined at all points. To impose the differentiability requirements
for Sobolev spaces, we use instead the concept of weak derivatives. These are
essentially functions which behave like derivatives in terms of integration by parts.
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For an open subset 2 C R”, let Llloc(.Q) denote the space of locally integrable
functions, i.e., functions 2 — C which are integrable over compact subsets of £2.
As with the other L? spaces, functions in LlloC are taken to be equivalent if they are
equal almost everywhere.

For a multi-index o € (Np)", define the differential operator

D* =9y ... 95",
of order |&| := a1 + --- 4+ . Letu € Llloc(.Q). If there exists a function u@ €
L} .(£2) such that

/ u(a)w dx = (_1)|01|/ uD*y d"x (2.21)
I?) (7}

for all € C3°(£2), then we say that u admits a weak derivative D*u := u@ _(The
subscript on C§° indicates compact support.) This is just the standard integration by
parts formula, so the weak definition includes classical derivatives as a special case.

Example 2.20. In dimension one, by the Lebesgue differentiation theory, a function
which is absolutely continuous is differentiable almost everywhere. Moreover,
its derivative is integrable, and the fundamental theorem of calculus relates the
derivative to the integral in the usual way. Therefore, if f is absolutely continuous
on some interval I C R, then the function f’ defined in the Lebesgue sense qualifies
as a weak derivative.

To see how weak differentiability can fail, consider a function created by splicing
two separate functions together,

fr(x), x>0,

fy = {f(x), x <0,

where f are C'. For ¢/ € C°(R), integration by parts gives
00 0 00
[ swan=— [ pwax- [ par
—00 —00 0
0 e}
== sow| o+ [ rvans [ fva
x=0 —00 0

The first term depends on ¥ only through v (0), and so cannot possibly be recovered
from the integral of 1 against another function. Therefore, the weak derivative
of f exists only if fi(0) = f_(0), and is given in this case by splicing the two
derivatives,
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P {ﬁ(x), x>0,

fr(x), x<0O.
O
Example 2.21. For f € LZ(R") a formal integration by parts in (2.18) gives the
formula F(D*f) = (i&)“ f which we can use to construct a weak derivative.
Assuming that "g‘“f e L2(R"), set
[ = F NGO ).
By Plancherel’s theorem, for ¢ € Cgo (R™),
(f@0) = f.9)
= (=D"I(F, (&%)
(2.22)

= (—D)I(f, Doy)
= (=D, D).

This shows that D* f = f(© as a weak derivative.

This argument can be reversed to prove the converse statement. If f € L?(R")
has a weak derivative D f which is also contained in LZ(R"), then £% f € L*(R")
and D f is the inverse Fourier transform of (i§)* f . %

Because C (£2) is a dense subset of L!(£2), a weak derivative D*u defined by
(2.21) is unique as an element of LIOC(.Q). It also follows easily from (2.21) that
weak differentiation is linear, by the linearity of the integrals.

If a function u € LIIOC(Q) admits weak derivatives up to order |«|, then for
f € C*°(82) a simple calculation shows that D*(fu) exists as a weak derivative
and satisfies the standard Leibniz rule,

|
DS = 3 g (O YO P,

=

The fact that we use the same notation for both weak and classical derivatives is
justified by the following consistency result.

Lemma 2.22. A function in Llloc(.Q) is contained in C™(§2) for m € N if and only
if it is continuous and its weak derivatives to order m exist and are continuous. In
this case the weak and classical derivatives coincide.

Proof 1If u € C™(£2), then the classical derivatives satisfy (2.21) by integration
by parts. For the converse, it suffices to work on R” since C™ is a local condition.
Suppose that u € C(R") has weak derivatives u® e C(R") satisfying (2.21) for
le] < m.Fix ¢ € C{°(R") with
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Y d'x =1,
Rn

and set V¥ (x) := e " (x/e) for ¢ > 0. Then u * ¥, is a smooth approximation to
u, converging uniformly on compact sets as ¢ — 0.
By (2.21),

u® % e = u x (Dae)

= D%(u * ¥s),
where D“ denotes a classical derivative here. Hence, by the assumption that u® is
continuous, D*(u * ) converges to u® uniformly on compact sets for || < m.
A standard calculus argument, based on the mean value theorem, shows that for a
sequence of C! functions, uniform convergence of both functions and derivatives

implies that the limit function is also C!. Applying this inductively in m yields
u € C"™(R"). O

2.5.2 H™ Spaces

The Sobolev spaces on an open set £2 C R” are defined for m € N by
H™(22) = {u € L*(2) : D*u e L*(£2) for |a| < m}, (2.23)

where D%u is defined weakly as in Section 2.5.1. As with L? spaces, Sobolev
functions are identified if they are equal almost everywhere. These spaces are
equipped with inner products,

(u, vygm ==Y _ (D*u, D*v), (2.24)

loe|<m

and corresponding norms,

1/2
]| g += ( > ||Dau||2) : (2.25)

lee|<m

In our notation, ||-||2 is reserved for to the L2 norm, assuming the domain §2 is clear
from context. The corresponding inner product is denoted by (-, -) without subscript.
The H™ norms and inner products will always be indicated explicitly, as in (2.24)
and (2.25).
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Example 2.23. From Example 2.21, we can deduce that
H™R" = {f € L*R") : |E|" f € L*(RM)}. (2.26)

Note that (2.26) makes sense for all m > 0, not just for integers. O

Example 2.24. We claim that
H'(0,1) ={f € AC[0,1]: f' e L*(0, D},

where AC denotes the space of absolutely continuous functions. The inclusion
[feAcio,11: f eL*0, D} c H'©O, 1)

follows immediately from the Lebesgue differentiation theory cited in Exam-
ple 2.20.

To prove the converse statement, suppose that f € H'(0, 1). The fact that the
weak derivative f’ is contained in L2(0, 1) implies that f’ is integrable on (0, 1).
We can thus define its antiderivative by

g(x) i=/0 fl@)dr.

Again by the Lebesgue differentiation theorem, g is absolutely continuous on [0, 1],
g’ exists (in the classical sense) almost everywhere, and ¢’ = f’ in the L? sense.
This implies that

1
/0 (f —8) ¥ dx =0,

for all v € C3°(£2), i.e., the weak derivative of f — g is 0. By Lemma 2.22, f — g
is classically differentiable and hence constant. This proves that f is absolutely
continuous on [0, 1]. O

The definition (2.23) can be extended by replacing the L? norms with L”. This
yields a larger family of Sobolev spaces which are denoted by W7 . The use of the
letter H for the case p = 2 is meant to reflect the following result:

Theorem 2.25. H™(£2) is a Hilbert space for each m € N.

Proof Suppose that {u,,} is a Cauchy sequence in H"(£2). Then {u,,} is Cauchy
with respect to the L? norm in particular, so we can define a limit function u :=
lim u,, in L2(2). Similarly, for each o with || < m, {D%u,,} is a Cauchy sequence
in L2(£2) and we can define

u@ = lim D%,
m-—0oQ0

in L2(£2).
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It remains to show that u(® is the weak derivative of u. By the definition of
D%uyy,, given ¥ € Ci°(£2),

/ v D%, dx = (—1)'“‘/ um DY d"x.
Q 2
The L? convergence allows us to take m — 0o on both sides to obtain
/ Yyu® dx = (-1 / uD*y d"x.
2 Q

Hence the weak derivative D%u exists for || < m and is given by u® e L?(2).
O

Sobolev spaces are used to measure regularity of functions, providing a more
flexible alternative to the family of C™ spaces. We saw in Example 2.24 that H'!
functions are continuous in dimension one. It turns out that Sobolev regularity can
be translated back to classical regularity more generally, but the relationship depends
on the dimension.

Theorem 2.26 (Sobolev Embedding). For 2 C R”", if m > k + n/2 then a
function in H™($2) admits a representative in C*(82).

Proof Since differentiability is a local property, it suffices to prove this for £2 =
R". For u € H™(R™), let us denote the weak derivatives for |«| < m by

u® = F(E) D).

For this proof we will reserve the notation D¢ for the classical derivative.
For |a| < k we have

HE

aTepe E

/n|s“ﬁ| d"g < /Rn“ +IED" ]|

The function |£[¥(1 4 |£]%)™™/2 is in L? for m > k + n/2, so the Cauchy—Schwarz
inequality gives

le*a|, < Cliullan.

By Riemann-Lebesgue (Lemma A.16), the fact that £%4 € L' implies that u® is
continuous. Therefore @ = D%y in the classical sense, by Lemma 2.22. O

If a function in H™ admits a continuous representative, then we assume that this
representative is chosen by default. Under this convention, the conclusion of the
embedding theorem could be restated as

H™(2) c CK().
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Note that Theorem 2.26 covers only differentiability in the interior. The result can be
improved to C*(£2), provided 9£2 is sufficiently regular. (See, for example, Evans
[29, §5.6.3].)

2.6 Orthogonality

One of the principal reasons why Hilbert spaces are easier to work with than Banach
spaces is the concept of orthogonality associated with the inner product. This
implies some important results with a geometric flavor analogous to the Euclidean
theory of vectors in R”.

In a Hilbert space H, the orthogonal complement of a subset E is defined by

Et:={ueH: (u,v)=0forallve E}.

The linearity of the inner product implies that E- is a subspace, even if E is not.
Furthermore, since the inner product is easily seen to be continuous by the Cauchy—
Schwarz inequality, the space E- is closed. It is useful to note that

(EY)* = span(E), (2.27)

where span denotes the set of all finite linear combinations of elements; see
Exercise 2.4.

As in linear algebra, orthogonal complements provide a tool for decomposing
Hilbert spaces as a direct sum of subspaces. The one key difference is that subspaces
are automatically closed in finite dimensions, while for infinite-dimensional spaces
this is an extra condition.

Theorem 2.27 (Orthogonal Decomposition). If W is a closed subspace of H, then
H=weoWw

Proof Since W N WL = {0}, by the positive definiteness of the inner product, it
suffices to show that %/ = W 4+ W. The strategy comes from the fact that, in the
Euclidean case, the projection of u € H into W is the vector w € W which is closest
to u, as illustrated in Figure 2.1.

To construct w, let

d:= inf ||y —u|,
yewlly l

and choose a sequence {wy,} in W such that

lim lwy, — ul = d. (2.28)
n—oo
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We claim that {w,,} is Cauchy. To see this, first note that by the parallelogram law,

2 2
lwn — walI” = l(wp —u) = (W —w)||

= 2)lwy — ull® + 2w — ull* — llwy, + wy — 2ul?.

Since %(wn + wy,) e W,
|3 on + w) —u| = d,
and thus
lwy — wall* < 20wy — ull® + 2llwp — ull* — 4d>.

By (2.28), this shows that

lim |Jw, — wy| = 0.
n,m—00

Hence {w,} is Cauchy and therefore there exists a limit vector w := lim wj,. By the
assumption that W is closed, w € W.

Fig. 2.1 Orthogonal
projection into W

To complete the proof, we must show that v := u — w lies in W-. Note that
|lv]| = d by the construction of w. Let y € W and A € C. Because w — Ay € W,

d* < lu— (w— iy
= llv+ |
= d* +2Re[A(v, Y)] + A2 [ly]1%.
Setting A = re'? and taking r — 0 gives
Re[ef9<v, y)] > 0.

This inequality holds for all 8, implying that (v, y) = 0. Since y was an arbitrary
element of W, it follows that v € W+, m]
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An orthogonal projection on H is an operator P € £(7{) such that P2 = P and
‘H = range(P) @ ker(P). Theorem 2.27 could be paraphrased as the statement that
for each closed subspace W C H there exists an orthogonal projection with range
equal to W.

Orthogonal decomposition plays an important role in the proof of the following
result, which identifies elements of the dual space H' := L(H, C) with vectors in

H.

Theorem 2.28 (Riesz Lemma). For each F € H/, there exists a unique v € H
such that

F(u) = (v, u)

for allu € H. Furthermore, ||F| = ||v].

Proof By the linearity and continuity of F, ker(F) is a closed subspace, so
Theorem 2.27 gives a decomposition

H = ker(F) @ ker(F)™*.

If ker(F)L = {0}, then F = 0 and the result is obtained by setting v = 0.
Assume that ker(F)L contains a vector w # 0. For u € H, note that F(w)u —
F(u)w € ker(F). Therefore, since w is orthogonal to ker(F),

0= (w, F(w)u — F(u)w)

= F(w){(w, u) — Fw)llw|>.

Since w # 0 we can then define

F(w)
vVi= —ow,
lwll
which yields the desired relation
F(u) = (v, u).

The uniqueness of v follows immediately from the positive definiteness of the inner
product.

To see that || F|| = ||v]|, observe that F(v) = ||v||> implies that | F|| > |lv]. On
the other hand, the Cauchy—Schwarz inequality gives

[FQ@)| < flullllvl

forall u, so | F|| < ||v]. |
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Note that the canonical map H' — H is conjugate-linear rather than linear. One
immediate application of the Riesz lemma is the following association of linear
maps to sesquilinear forms, whose proof is left to Exercise 2.6.

Corollary 2.29. Let n : H x H — C be a sesquilinear form which is bounded in
the sense that

) (v, w)|
Il :== sup ————-
vawzo [Vl

Then there is a uniquely defined operator T € L(H) such that
n, w) = (v, Tw).

The Riesz lemma also allows us to simplify the definition (2.11) of weak operator
convergence in the Hilbert space context. For operators in L(#), T, — T in the
weak operator sense if and only if

lim (v, T,w) = (v, Tw)
n—oo

for all v, w € H. The weak operator convergence S¥ — 0 in Example 2.11 follows
immediately from this formulation.

The identification of elements of H with functionals via the Riesz lemma also
provides a new topology on H, derived from the weak operator topology on H'. For
a sequence {w,} € H, we say that w, — w weakly if

lim (wy, v) = (w, v)
n—00

forall v € H.

Example 2.30. In L%(R) let fn = Xn.n+1). Foru € L2(R), Cauchy—Schwarz gives
the estimate

[{u, i)l < luxim,nt1yll2.

Since Y,z luximnt11l3 = llull3 < oo, this shows that (u, f,) — Oasn — oc.
Hence, f,, — 0 weakly even though || f,,||» = 1 for all n. %

2.7 Orthonormal Bases

A Hilbert space is called separable if it admits a countable dense subset. For
example, in LZ(R") we can produce a countable dense set consisting of step
functions built using only rational numbers. Most Hilbert spaces of practical interest
are separable, including all of the cases encountered in this book.
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To simplify the exposition, we will assume that # is infinite-dimensional but
separable throughout this section. The same arguments apply in finite dimensions,
but there are some technicalities, for example in the use of the term ‘“sequence,”
which is normally required to be infinite. The non-separable case requires a more
substantial revision of the definition of a basis, which we will not go into here.

Definition 2.31. A sequence {e], e, ...} C H is orthonormal if

1, i=j,
(ei,ej) = ) ]
0, i#]j.

An orthonormal basis is an orthonormal sequence whose span is dense in .

Example 2.32. The Fourier basis for the space L*(0, 27r) is given by {¢ };<z Where

P1(0) i= ——ct? (2.29)

It is easy to check that the sequence {¢y} is orthonormal. To see that it forms a
basis, it is convenient to replace the interval (0, 2r) with the quotient T = R/2nZ.
Functions on T are interpreted as periodic functions on R, so the spaces L?(T) and
L%(0, 27) are naturally isomorphic.

A standard argument using the Dirichlet kernel shows that the Fourier series of
a function in C'(T) converges uniformly, and hence in L?. Since C(T) is dense in
L2(T), this implies that {¢y} is an orthonormal basis.

A similar argument applies to the n-dimensional torus T" := R" /(27 Z)". The
Fourier orthonormal basis for L2(T") is given by {¢y}zcz», With

i (0) := 2m) "2k
By restricting and changing coordinates as needed, we can derive from this

construction a Fourier basis for the L? space of a bounded rectangle in R”. %

Clearly, a Hilbert space that admits an orthonormal basis is separable, because
the set of linear combinations of basis elements with rational coefficients furnishes
a countable dense subset. The converse also holds, as seen in the following:

Theorem 2.33. A separable Hilbert space admits an orthonormal basis (in the
sense defined above).

Proof Assume that {f;} is a countable dense subset of . For each n € N, an
application of the Gram—Schmidt process from linear algebra to the set { 1, ..., f,}
produces an orthonormal set {ey, ..., ey, } such that

span{ f1, ..., fu} = spanfey, ..., en,}.

The density of { f;} in H then implies the density of span{e;}. O
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Given an orthonormal sequence {e; ?11 , let P, denote the orthogonal projection
onto spanfey, ..., e,}, for each n € N. It is easy to check, by the construction in
Theorem 2.27, that

n

P = (ej.v)e;. (2.30)

j=1

To decide if {e;} forms a basis, we need to investigate the convergence of P,v as
n— oo.

Theorem 2.34 (Bessel’s Inequality). Suppose {e j}j?ozl is an orthonormal
sequence in H. For v € H,

> 2
> e )] < vl
j=1

with equality if and only if P,v — v asn — oo.

Proof Since P, is an orthogonal projection,

Iol? = v — P + | Pav[®
n
— ||v — P,,v”2 + Z\(ej, v)}z.
j=1

The sum converges as n — 00, because its terms are all positive. Hence,

oo
oI = tim Jv— P + 3 Jtej, o)
j=1
from which both claims follow directly. |

One immediate application of Bessel’s inequality is the following set of charac-
terizations of a basis.

Theorem 2.35 (Basis Criteria). For an orthonormal sequence {ey, ez, ...} in a
separable Hilbert space H, the following statements are equivalent:

(a) The sequence is an orthonormal basis.
(b) The only vector perpendicular to e for all j is zero.
(c) P, — I in the strong operator sense as n — 0Q.

Proof To prove that (a) implies (b), note that
{e1,...)" = (spanfey, ... D" .

Thus, for a basis {eg, ...}~ = {0}.
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Assume (b) holds. For v € H, the sequence {P,v} is Cauchy by Bessel’s
inequality, since

m
[ 2av = Pav]” = 3 e vl
j=n

for n < m. Therefore P,v converges to some limit 0. For j < n,
(ej, v — an) =0.
Taking n — oo then yields
(ej,v—1)=0,

so that v — ¥ is orthogonal to all of the e¢;. Hence v = ¥ by (b), and thus P,v — v.
For the final claim that (c) implies (a), we simply note that P,v € span{e;} by
(2.30). O

From the combination of Theorems 2.34 and 2.35, we immediately derive the
following result on basis expansion.

Corollary 2.36 (Parseval’s Theorem). If{e;} is an orthonormal basis for H, then
each v € H can be represented as a convergent series

v = Z(ej, vie;.

o0
J=1

Furthermore,

ol? =" Jte;. v)|*.
j=1

2.7.1 Weak Sequential Compactness

A subset K C M is called sequentially compact if every infinite sequence in K
admits a subsequence converging in K. (Because the topology is metric, this is
equivalent to the usual topological definition of compactness.) Under the assumption
that A is infinite-dimensional, a closed and bounded subset is not necessarily
compact. For example, an orthonormal basis is contained in the closed unit ball
and admits no convergent subsequence.

This picture changes, however, if we consider weak convergence. The following
result could be paraphrased as the statement that a closed and bounded subset of
H is “weakly sequentially compact.” We will exploit the existence result from
Theorem 2.33 to produce a rather simple proof in the case of a separable Hilbert
space.
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Theorem 2.37 (Alaoglu’s Theorem). Suppose {uy} is a sequence in a separable
Hilbert space ‘H satisfying ||ux|| < M for all k. Then there exists a subsequence of
{ur} that converges weakly to some w € H with ||w|| < M.

Proof Assume that uy satisfies ||uy|| < M for each k. Let {e;} be an orthonormal
basis for H. By assumption,

[{e1, ug)l < M.

By the Bolzano—Weierstrass theorem, there exists a subsequence {u } such that
(e1,uy,x) converges to some a;j € C as k — oo. We can then find a further
subsequence (e, up x) converges to az, and so on. Setting wy = uy gives a
subsequence for which

lim (ej, wi) = aj, (2.31)

k— 00

for each j € N.
The next step is to estimate the coefficients a; to show that they correspond to a
vector in H. By the uniform bound on ||ug||,

n
Z|(€j, wk)|2 <M,
j=1

for all k and n. Taking k — oo and then n — oo gives

o
> lajl? < M2,
j=1

This implies that w := Zj aje; is well defined in H and satisfies |w| < M. By
(2.31),

lim (e, wi) = (ej, w)
—00

for all j. This is sufficient to guarantee weak convergence wy; — w (see
Exercise 2.8). O

2.8 Exercises
2.1. For normed vector spaces V and W, prove that a linear map 7" : V — W is
bounded if and only if it is continuous.

2.2. For the Hilbert space completion defined in Section 2.4, show that (2.19)
defines an inner product and that this makes ) a Hilbert space.
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2.3. Show that the countable direct sum defined in (2.20) is a Hilbert space.
2.4. Prove the claim (2.27): For a Hilbert space H and a subset £ C H,
(EHt = span(E).

2.5. For T € L(H), prove that

|(v, Tw)|
T = sup ——-—-.
vaw#0 [VIHw]l

2.6. Prove Corollary 2.29: Given a bounded sesquilinear form  : H x H — C,
there is a unique bounded operator 7' such that

n, w) = (v, Tw)
forall v, w € H.

2.7. In a Hilbert space H, prove that an orthonormal sequence {e,} converges
weakly to 0.

2.8. Let {e;} be an orthonormal basis in a Hilbert space H. If w € H and {w,} is a
bounded sequence such that

nli)ngo(wn,ej) = (w, ej)
for each j, prove that w, — w weakly.
2.9. Suppose that A : H — H is a linear map satisfying
(Av, w) = (v, Aw)
forall v, w € H. Use the uniform boundedness principle to prove that A is bounded.
2.10. Suppose that P € L(#) satisfies P> = P and

(Pv, w) = (v, Pw)

for all v, w € ‘H. Prove that P is an orthogonal projection (as defined in Section 2.6)
onto the range of P.

2.11. The Schur test gives a useful criterion for establishing the boundedness of
operators defined by integral kernels. Suppose that K (-, -) is a measurable function
on R?"_ and there exists a constant C such that
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[xepiayze [ ke
R” R”
Prove that the operator on L?(R") defined by

rr@i= [ K@nfody

is bounded, with ||T| < C. [Hint: first use the Cauchy—Schwarz inequality to
estimate |7 f (x)|2, then integrate over x and use Fubini’s theorem to switch the
order of integrations.]

Notes

Metric space topology is covered in most undergraduate analysis texts; a classic
source is Rudin [77, Chapter 2]. An introduction to L? spaces can be found in
basic treatments of measure theory, such as Folland [31, Chapter 6] or Royden [76,
Chapter 6]. Additional background material on measure theory and integration is
provided in Appendix A.1.

For a more complete introduction to topologies on the space of bounded
operators, we refer the reader to Reed and Simon [69, Chapter VI]. The simple proof
of uniform boundedness (Theorem 2.13), which was adapted from Sokal [85], uses
a technique from the earliest versions of the proof by Hahn and Banach in 1922.
In 1927, Banach and Steinhaus gave a different version of the proof, relying on the
Baire category theorem (see [69, §II1.5]). This route is more efficient, in the sense
that Baire category has other important corollaries, but less direct.

There are many excellent sources for the basic material on Hilbert spaces from
Sections 2.4, 2.6, and 2.7. See, for example, MacCluer [60, Chapter 1] or Stein and
Shakarchi [87, Chapter 4].

While Sobolev spaces are not usually covered in basic functional analysis texts,
this is standard background for PDE theory. See Borthwick [13, Chapter 10] for
a gentle introduction, and Evans [29, Chapter 5] or Gilbarg and Trudinger [36,
Chapter 7] for a more comprehensive treatment. We will develop more aspects of
this theory in Chapters 6 and 9.
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Operators et

A fundamental issue in the spectral theory of differential operators is the fact that
an L? function space is the natural Hilbert space for many applications, and yet L?
functions are not differentiable. Before developing the spectral theory, we must deal
with the basic problem of what it means for a differential operator to act on an L?
space.

One way to circumvent this issue is to consider the inverse of the operator. In
many classical PDE problems, differential operators have integral solution kernels
called Green’s functions. These solution kernels, introduced in the 1830s by George
Green, define operators which are generally bounded in the L? sense. Early spectral
theory, including David Hilbert’s foundational work in the early 1900s, focused on
the case of integral operators, and thus avoided the technical difficulties associated
with differential operators.

For the development of quantum mechanics, a more direct understanding of the
spectral theory of the differential operator itself was required. John von Neumann
and Marshall Stone addressed this challenge in the late 1920s, by developing the
notion of an “unbounded” operator. The innovation they proposed was to relax
the assumption that the domain of the operator is the full space. Instead, each
operator carries its own domain subspace. This causes some unavoidable technical
complications, which we will discuss in this chapter.

3.1 Unbounded Operators

The operator we will be most concerned with later in the book is the Laplacian,
named for Pierre-Simon Laplace. This is the second order differential operator on
R”" given by
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A= — 3.1
ax? dx2 ©-1)

Let 2 C R” be an open subset (with Lebesgue measure implied by default). To
define A as an operator on L2(.{2), where 2 is an open subset of R”, we need
to assign it a domain. We could choose C{°($2), for example, or a subspace of
C*°(£2) defined by imposing some boundary condition. These choices will result in
operators with different spectral properties.

To proceed, we need to refine our usage of the term “operator.” Although this
term generally refers to a linear map between vector spaces, as in Section 2.3, we
will adopt the following more specialized definition in the context of Hilbert spaces.

Definition 3.1. An operator T on a Hilbert space H is a linear map T : D(T) —
‘H, where D(T') is a dense subspace of , called the domain of T.

Making the domain specification implicit to the operator helps keep the notation
cleaner, but there is a potential for confusion in the case of differential operators. For
example, although the action of A on C*°(£2) is unambiguously defined by (3.1),
the Laplacian has many different realizations as an operator on L?(£2). The choice
of domain will need either to be clear from context or indicated with some alternate
notation.

The density requirement on the domain is a matter of convention. We choose to
include this condition in the definition because most of the results we discuss will
require it as a hypothesis.

In order to simplify the presentation, we focus on operators on a single Hilbert
space H here, but Definition 3.1 could obviously be applied to maps from one
Hilbert space to another. The generalization of the basic results of this section to
the case T : H; — Hpy is straightforward. It simply requires us to distinguish
between the two different norms and inner products.

The definition of a bounded operator from Section 2.3 extends to the context of
Definition 3.1: an operator T is bounded if

ITvl|
veDno; Vi

El

and unbounded otherwise. Note that a bounded operator admits a unique continuous
extension to the full space H, since D(T) is dense. When T is bounded we will
assume that D(T) = H by default.

The notation £(#) introduced in Section 2.3 is reserved for the algebra of
bounded operators. There is no corresponding notation for unbounded operators, as
they do not form an algebra or even a vector space. Adding or composing unbounded
operators is possible only if the domains line up appropriately. We can always add
a bounded perturbation to an unbounded operator without changing the original
domain, but an unbounded perturbation requires more care. We will discuss various
examples in Chapter 7.
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Example 3.2. Let (X, M, ) be a o-finite measure space. For a measurable
function f : X — C, we define the (possibly unbounded) multiplication operator
on L*(X, dp),

My v fo, 3.2)
with the domain,
D(My) :={ve LX(X.dp): fveL*(X,dw)}.

We claim that this domain is dense; see Exercise 3.12. The argument from
Example 2.8 shows that M s is bounded if and only if f € L (X, du), with

Mgl =1 flloo-

¢

Example 3.3. The Fourier transform introduced in Example 2.19 allows us to
conjugate the Laplacian (3.1) to a multiplication operator. For ¢ € Cg°(R"),
integration by parts shows that

F(=AY) = £ (&).

Since the F is unitary as a map L2(R") to L2(R"), the operator —A is conjugate
to the multiplication operator M 2. (It is traditional to include a minus sign with
A in many applications, and the operator —A is also commonly referred to as the
Laplacian.)

If the domain of M. is defined as in Example 3.2, then the corresponding
domain for —A is

D(-a) = |f e L@ : 6] e L2@®"}.

This is the Sobolev space H?(R") defined in Section 2.5. O

3.2 Adjoints

Let us first limit our attention to the bounded case. Givenv € H and T € L(H), we
can define a bounded functional # + (v, Tu). The Riesz lemma (Theorem 2.28)
then yields a unique vector w such that

(v, Tu) = (w, u),
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for u € H. The adjoint of T is the map T* : v — w, which is easily seen to be
linear. In other words, T* is the unique linear operator such that

(v, Tu) = (T*v, u), (3.3)

for all u € ‘H. From the formula for the operator norm developed in Exercise 2.5,
we can see immediately that 7* is bounded, with

IT*1 =TT, IT*T| = IT|>. (3.4)

Recall from Section 2.4 that a map F € L(H) is an isometry if and only if it
preserves the inner product, i.e.,

(Fu, Fv) = (u, v).
By the definition of the adjoint, the isometry condition is equivalent to
F*F =1 (3.5)

If U € L(H) is unitary, i.e., a bijective isometry, then the condition (3.5) implies
that U~! = U*. The converse statement, that U~ = U* implies U is unitary, is
also clear. Therefore, unitarity is equivalent to the conditions

UU=1 and UU*=1. (3.6)

3.2.1 Adjoints of Unbounded Operators

In the unbounded case, we still base the definition of the adjoint on the formula
(3.3), but the issue of domains adds a new consideration. In order to apply the Riesz
lemma, we need the functional (v, 7'(-)) to be bounded on D(T'). This may not be
true for all vectors v, which puts a constraint on the domain of 7*.

When (v, T(-)) is a bounded functional, the construction of 7*v works just as
above. Because D(T) is dense, the functional extends by continuity to all . The
Riesz lemma thus yields a unique vector, which we take to be 7*v. This leads us to
make the following:

Definition 3.4. The adjoint of an operator T : D(T') — H is the unique linear map
T* defined by the condition that

(v, Tu) = (T*v, u)
forall u € D(T) and v € D(T™*), where

D(T*):={veH: uwr> (v, Tu)is a bounded functional on D(T)}. 3.7)
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One potential issue here is that D(T™*) need not be dense. In fact, it is possible
to have D(T*) = {0}. This technicality will be resolved in Section 3.3, when we
will develop a basic criterion for the adjoint to be densely defined, which will be
satisfied for all of the operators considered later in the book.

Example 3.5. For the multiplication operator M s introduced in Example 3.2, we
have ’D(M;i) =D(My) and

The proof is included in Exercise 3.12. O
Example 3.6. On L?[0, 1] consider the operator T := d/dx with domain D(T) =
C'[0, 1]. For u, v € D(T), integration by parts gives

(u, Tv) = —(Tu, v) + u(Dv(1) — u(0)v(0).

The pairing v — (Tu, v) clearly extends to a continuous functional on L2(0, 1),
whereas the evaluation map v — v(xo) does not. The boundedness of the functional
v — (u, Tv), which is required for u € D(T*), thus implies the boundary
conditions #(0) = u(1) = 0.

We claim that the full adjoint domain is

D(T*) = |f € AC[0, 11: £(0) = f(1) =0, f" e L2[0,1]}, (3.8)

where AC[0, 1] denotes the space of absolutely continuous functions. From the
Lebesgue differentiation theory (see, e.g., [87, §3.2, Thm. 3.11]), we recall that for
f € ACJO0, 1], we have that f is differentiable a.e., f’ € L'10, 1], and

X
fx) = 1) +f0 fldt (3.9
for all x € [0, 1]. Conversely, for g € L1(0, 1) the function defined by
X
fx) ::/0 gdt

is absolutely continuous, with f' = g a.e.

Suppose that a function f € ACI[O0, 1] satisfies f(0) = f(1) = O and f’ €
L?[0, 1]. For ¢ € C'M0, 1], the product ¢f is also absolutely continuous, so (3.9)
implies that

1
/0 (@) dx =0,
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by the endpoint condition on f. Therefore,

(f.T¢)=(—f"9)

for all ¢ € D(T). By the assumption that f’ € L2(0, 1), this shows that f e D(T*)
and

T*f =—f.

To prove the converse statement, assume that f € D(T*) and set g = T* f. By
the definition of T*, we have

([, Té) = (8. 9). (3.10)

for all ¢ € D(T). The function g is integrable, because g € L2[0, 1] and [0, 1] is
compact. We can thus define a function 4 € ACIO0, 1] by

h(x) = /xg(t) dt,
0

satisfying i’ = g a.e. Applying (3.9) to the product h¢ gives

A (h¢)' dr = h(Dg (1),

and therefore,

(g, @) + (h.¢') = h(Dg (D).

By (3.10), it follows that

(f +h,Te) = h(1)p(1) (3.11)

for all ¢ € D(T).
Setting ¢ = 1 in (3.11) shows that (1) = 0, and thus

f +h € range(T)™ .

Since range(7) = C[O0, 1], which is dense in L?(0, 1), range(T)J- = {0}. Therefore
f = —h, implying that f is absolutely continuous, f’ € L?(0, 1) and f(0) =
f(1)=0.

This completes the justification of (3.8). We will consider the calculation of
D(T*) for some other choices of D(T) in Exercise 3.1. O
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We conclude this section by noting a basic relationship between the range of an
operator and the kernel of its adjoint.

Lemma 3.7. For an operator T on a Hilbert space H,
ker(T*) = range(T)™ .

This is a standard fact in linear algebra, and the argument is essentially the same as
in finite dimensions. The proof is left to Exercise 3.3.

3.3 Closed Operators

Domains of operators are often difficult to specify precisely, and we frequently need
to consider expanding the given domain of an operator. An operator S is said to be
an extension (of an operator) of T if

D(T) CD(S) and S|pry =T.
The standard shorthand for this relationship is
TCS.

Note that it follows immediately from the definition of the adjoint that if 7 C S,
then S* C T*.

Because unbounded operators are discontinuous, extensions are not guaranteed
to exist, nor are they necessarily unique. To clarify the situation, it is helpful to
consider the graph of the operator,

T ={w,Tu): ueD(T)} CHxH.

Using the graph, we can introduce a notion which sheds light on both the extension
problem and the issue of densely defined adjoints from Section 3.2.

Definition 3.8. An operator is closed if its graph is closed as a subspace of H x H.

Note that the closed graph condition does not require D(T') to be closed; this
would be the case only if D(T) = H. The closure of an operator should be thought
of as a weak form of continuity. The statement that “T is closed” means precisely
that if {u,} C D(T) and both sequences {u,} and {Tu,} are convergent in H, then
limu, € D(T) and

T( lim un) = lim Tu,.

n—o0 n—o0
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The difference between this and continuity lies in the fact that convergence of {T'u,,}
is part of the hypothesis rather than part of the conclusion. Bounded operators are
therefore automatically closed.

Example 3.9. Let T = d/dx acting on L?>(—1, 1) with domain D(T) = C'[—1, 1].
Although this might seem to be a reasonable choice of domain, 7 is not closed. For
example, set f:(x) :=+/x2+efore >0.Ase — 0,

fe(x) = Ixl,  fl(x) — sign(x),

with convergence in L>(—1, 1) in both cases. Since |x| ¢ D(T), the graph of T is
not closed. O

Example 3.10. Consider the multiplication operator M y introduced in Example 3.2,
with D(My) = {v € L*(X, du) : fv e L?(X, dw)}. To prove closure, consider a
sequence {u,} C D(My) such that

up —> u € L*(X,dp) and  fu, > w e L*(X, dp).

By a standard measure theory argument, a convergent sequence in L? has a
subsequence that converges pointwise almost everywhere. Thus, by passing to
subsequence, we can assume that the convergence u, — u and fu, — w holds
pointwise almost everywhere. It follows that w = fu almost everywhere, which
implies that u € D(My) and M su = w. The operator My is therefore closed on
this domain.

From the conjugation of the Laplacian on R" to a multiplication operator
described in Example 3.3, we can also deduce that —A is closed on the domain
D(—A) = H2(R). O

3.3.1 Closable Operators

One obvious way to try to extend an operator that is not closed is to consider the
closure of its graph. This technique does not always work, however, because the
closure of the graph is not necessarily the graph of an operator. It might, for example,
contain a pair (0, v) with v # 0.

We say that T is closable if T'(T) is the graph of an operator, and define in this
case the closure T by

r(T)=Tr(T).

Obviously T C T, so a closable operator admits at least one closed extension. The
converse is also true, as the following result shows.

Lemma 3.11. [fan operator T admits a closed extension S, then T is closable and
TCS.
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Proof Suppose T admits a closed extension S. Then, because I"(T') is the smallest
closed set containing I"(T),

raTy crs).
Itis easy to check that this implies that I"(T') is the graph of an operator which is the
restriction of S to a possibly smaller domain. Hence T is closableand T C §. O

We should remark that the hypothesis of Lemma 3.11, the existence of at least
one closed extension, is often taken as the definition of closable. The closure of
an operator could also be defined as its smallest closed extension, without actually
mentioning the graph.

There is a simple relationship between the graph of an operator and the graph of
its adjoint, which proves helpful in analyzing closures. On ‘H @ H, consider the map

J(v, w) = (w, —v).

Clearly J2 = —1, and it is easy to check that J is unitary.

Lemma 3.12. For an operator T, the graph of T* is the subspace
r(T*) = J((T)h). (3.12)
Proof By Definition 3.4, a pair (v, w) is contained in I"(7*) if and only if
(v, Tu) = (w,u) forallu € D(T).

Since (u, Tu) represents a general point in I"(T'), this is equivalent to the condition
that

(w, —v) € I'(T)™*.
In other words,
(T = J(I'(T)Y).

O

Since orthogonal complements are closed, and closure is preserved under the
unitary map J, an immediate consequence of (3.12) is the following:

Corollary 3.13. The graph of the adjoint of an operator is closed.

The formula (3.12) also allows us to clarify the issue noted in the previous section
that the adjoint might not be densely defined.
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Theorem 3.14. An operator T is closable if and only if D(T*) is dense, and in this
case
T =T,
Proof Suppose D(T*) is dense. Then T** is well defined, and applying (3.12) to
its graph yields
(T = J(C(THY). (3.13)

A second application of (3.12), this time to I"(7*) on the right-hand side of (3.13),
gives

r(T*) =JJrahH*
= (MhH*t
=TI (T).

This shows that T is closable with T = T**.

To prove the converse statement, suppose that D(7*) is not dense. By (2.27) this
implies that D(T*)* = {0}, so there exists a nonzero vector v € D(T*)". Note that
(v, 0) is orthogonal to I"(T*), which implies that

0, —v) € J(I'(T*)h).
The set J I'(T*)L is equal to I'(T) by (3.12) and (2.27), so (0, —v) € I'(T). Since

v # 0, this shows that I"(T) is not the graph of an operator, and therefore 7 is not
closable. O

3.3.2 Closed Graph Theorem

We noted above that a bounded operator is trivially closed. The following theorem
gives a partial converse statement, requiring the extra assumption that the domain is
the full Hilbert space.

Theorem 3.15 (Closed Graph Theorem). Suppose T is an operator on H with
D(T) = H. Then T is bounded if and only if it is closed.

Proof The forward implication follows by continuity, so we assume that T is
closed and D(T) = H. Our first goal is to show that D(T*) is closed.

Suppose that {v,} C D(T*) is a sequence such that v, — v € H. By the
definition of the adjoint,

(T*v,, w) = (v, Tw), for all w € H. (3.14)
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Consider {(T*v,,-)}32, as a family of functionals in #’. The family is pointwise

bounded, because, for each w € H,

sup [(T*vn, w)| = sup [{vy, Tw)]
n n

IA

ITw]l sup [[vll
n
< 00.
Hence, by the uniform boundedness principle (Theorem 2.13),

M :=sup | T v, || < oco.
n

Since v, — v, it follows from (3.14) that

(v, Tw)] < lw| limsup [|T*v,]
n—0o0

< Milw]|

for all w € H. Therefore v € D(T*) by (3.7), and hence D(T*) is closed.
Since D(T*) is also dense by Theorem 3.14, we have D(T*) = H and the
relation

(Tv, w) = (v, T*w)

holds for all v, w € H. Now consider the family of linear functionals {(T'v, -) :
|lv]| = 1}. This family is pointwise bounded, because

sup [(Tv, w)| = sup [(v, T*w)| < [T*wl],
lol=1 lol=1

for w € H. Therefore, by the uniform boundedness principle,

IT] := sup ||Tv| < oo.
floll=1

O

One straightforward corollary of the closed graph theorem is the Heiliger—
Toeplitz theorem, which says that a self-adjoint operator with domain H is bounded.
This result can also be derived directly from the uniform bounded principle, as seen
in Exercise 2.9.



46 3 Operators
3.3.3 Invertibility

For bounded operators, the appropriate definition of invertibility is clear, because
L(H) forms an algebra. We say that T € L(#) is invertible if there exists T~ €
L(H) such that T-'T = I and TT~! = I. Because L£(?) is associative, these
conditions determine 7! uniquely.

For unbounded operators, it makes logical sense to allow unbounded inverses.
However, our applications will in fact require the inverse to be bounded, and there
is no standard convention either way. To avoid potential confusion, we adopt the
following terminology:

Definition 3.16. An operator T on # has a bounded inverse if there exists T~ €
L(H) suchthat TT' =T onH and T~!T = I on D(T).

One important application of the closed graph theorem is the fact (alluded to in
Section 2.3) that for a bounded operator the existence of an inverse is sufficient to
guarantee that the inverse is bounded.

Theorem 3.17 (Inverse Mapping Theorem). An operator has a bounded inverse
if and only if it is closed and bijective. In particular, for bounded operators
invertibility is equivalent to bijectivity.

Proof Assume that 7 has a bounded inverse 7~!. The graphs of 7 and 7! are
related by transposition, so 7 is closed because 7! is closed. The conditions that
TT~' = I onH and T~!'T = I on D(T) imply that T is bijective as a map
D(T) — H.

Conversely, suppose that T is closed and bijective. Bijectivity implies that 7!
exists as a linear map H — D(T). As above, T~! is closed because T is closed.
Therefore 7! is bounded by the closed graph theorem. O

The existence of a bounded inverse can be expressed in terms of norm estimates.
We will say that the operator T is bounded away from zero if there exists a constant
¢ > 0 such that

ITvll = cllvll (3.15)

forall v e D(T).

Theorem 3.18. An operator has a bounded inverse if and only if it is closed,
bounded away from zero, and its range is dense in H.

This result is obvious in one direction: If 7 has a bounded inverse 7!, then
range(T) = H and the boundedness of 7! implies

ol < IT~ Tl

for all v € D(T'). For the proof of the converse statement see Exercise 3.4.
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3.4 Symmetry and Self-adjointness

For matrices, the terms “symmetric” and “self-adjoint” are synonymous. A real
symmetric matrix A satisfies A' = A, where the superscript denotes the transpose.
In the complex case the corresponding symmetry condition is A = A, which is also
called Hermitian. In either the real or complex case, the condition is that A is equal
to its adjoint with respect to the Euclidean inner product.

In the theory of unbounded operators, we make a distinction between symmetry
and self-adjointness. The latter term is given a literal interpretation:

Definition 3.19. A operator A is self-adjoint if A* = A.

Note that since the domains of operators are implicit in the notation, self-
adjointness requires that D(A*) = D(A), which means that D(A) must be chosen
precisely so that the definition (3.7) of the adjoint domain reproduces the same
space. A self-adjoint operator is closed, since the adjoint is closed by Corollary 3.13.

It is useful to take a more relaxed interpretation of symmetry, for which the
choice of domain is not so rigid. An operator A is symmetric if

(Au, v) = (u, Av) (3.16)

for all u, v € D(A). Note that the symmetry of A implies that the functional u —
(v, Au) is bounded for v € D(A) because
(v, Au)| = [(Av, u)]|
< llAv|l{full,

by (3.16) and Cauchy—Schwarz. Therefore, D(A) C D(A*). This implies that the
symmetry property is equivalent to

A C A*,

and shows in particular that a symmetric operator is closable.
An important class of symmetric operators is the set of positive operators. We
say that A is positive, and write A > 0, if

(v, Av) >0

for all v € D(A), i.e., the associated quadratic form is positive definite. A positive
operator is necessarily symmetric; see Exercise 3.7 for the proof.

For differential operators, the properties of symmetry and positivity are closely
related to integration by parts.

Example 3.20. Let 2 C R”" be a bounded open set whose boundary 92 is
piecewise C!. Green’s identity gives the formula
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<f,—Af>=/ |Vf|2dnx—/ 7% ds (3.17)
17, a  Ov

for f € C?(£2), where 3/dv denotes the outward normal derivative to 352. Consider
the classical (homogeneous) boundary conditions,

0
Dirichlet: fl30 =0, Neumann: —f‘
v lae

Either of these will imply that the integral over 92 in (3.17) vanishes, leaving
(f, —Af) = 0. The (negative) Laplacian is thus a positive operator (and hence
symmetric) on a domain consisting C?(§2) restricted by either Dirichlet or Neumann
boundary conditions.

It is easy to see that the Laplacian is not closed on a domain defined as a subspace
of C2(£2). Hence the resulting operators are not self-adjoint. (We will develop self-
adjoint extensions corresponding to the classical boundary conditions in Chapter 6.)

O

Symmetry alone is not sufficient as a hypothesis for any of the major results
of spectral theory. It should thus be thought of as an intermediate property which
allows us to separate the relatively easy problem of establishing “formal” self-
adjointness, meaning (3.16), from the more difficult task of finding the exact
domain.

3.4.1 Self-adjoint Operators

Let us first consider some operators we have previously encountered, where self-
adjointness is clear.

Example 3.21. On LZ[O, 1] consider the operator T := —i %, with domain given
by

D(T) = {f € AC[O, 1]: £(0) = f(1), f e L*[0, 1]}.
For f, g € ACI[O, 1], integration by parts gives

1_ 1 I
—i/ fg’dt:—ifg‘ +i/ Fedr.
0 0 0

The boundary term vanishes for f, g € D(T) because of the periodic boundary
condition, implying that

(f,Tg)=(Tf, g),

so T is symmetric.
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We claim that T is self-adjoint. To see this, we must show that D(T*) C D(T).
Suppose f € D(T*), and set g = T* f. As in Example 3.6, we set

h(x) := [x g(t) dt,
0

and use integration by parts to derive

(8, ¢) + (h,¢") = h(1)p(1),
for ¢ € D(A). Since g = T* f, this translates to
(f —ih, T¢) = h(Dg(D).
Setting ¢ = 1 implies that /(1) = 0, and thus
f —ih € range(T)™*. (3.18)

Suppose that u € C'[0, 1] with

1
/ udt =0.
0

Then u = Tv for v € D(A) defined by
X
v(x) = —i/ u(t) dt.
0

Hence C'[0,11 N {1}*+ range(T), which implies that range(7)" is the one-
dimensional space of constant functions. It thus follows from (3.18) that

fx) = f0) +ih(x).

This implies that f € AC[O0, 1], and hence f € D(T). O
Example 3.22. In Example 3.5 we noted that the adjoint of a multiplication operator
My on L*(X, dp) is given by

* _oag

r =Mz
with the same domain D(M y). Therefore M y is self-adjoint if and only if f is real-
valued almost everywhere. O

Example 3.23. As we noted in Example 3.3, the Laplacian —A is unitarily equiv-
alent to Mz via the Fourier transform. Example 3.22 shows that M is
self-adjoint, and we saw in Example 3.3 that the domain D(M ¢2) is mapped back
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to H2(R") under the Fourier transform. Therefore, —A is self-adjoint on L2(R™)
with D(—=A) = H>(R"). O

These cases are very special, in that the exact domain for self-adjointness is
relatively easy to determine. Example 3.20 illustrates the more common situation,
where a natural choice of boundary conditions yields a symmetric operator that
is not self-adjoint. We are then faced with the problem of finding a self-adjoint
extension of the symmetric operator. In general, neither existence nor uniqueness of
such an extension is guaranteed.

Since a symmetric operator is closable, one obvious candidate for a self-adjoint
extension is the closure itself. The class of symmetric operators for which this works
is distinguished in the following:

Definition 3.24. A symmetric operator is essentially self-adjoint if its closure is
self-adjoint.

It is not difficult to see that A is essentially self-adjoint if and only if
A= A*. (3.19)

We leave the proof to Exercise 3.9. A domain on which a symmetric operator is
essentially self-adjoint is called a core domain. The core is not unique, but the
following result shows that the extension is independent of the choice of core.

Lemma 3.25. For an essentially self-adjoint operator, the closure is the unique self-
adjoint extension.

Proof Suppose that A is essentially self-adjoint and B is a self-adjoint extension of
A. The closure A is the smallest closed extension of A, so A C B. Taking the adjoint
of this relation gives B C A, because both A and B are self-adjoint. Therefore
B =A. O

Example 3.26. Consider the Laplacian —A acting on L*(R"), with domain equal
to D(A) = Cg°(R"). The domain D(—A*) then consists of functions f € L2(R")
such that the map

¢ = (f. —Ad)

is bounded for ¢ € C;°(R"). Since

(f, —A¢) = (f, E17d),

by the Plancherel theorem, f € D(—A*) if and only if there exists a function g €
L?>(R") such that g — |£|*f is orthogonal to F(CS°(R")). This implies that g =
HE f , because the space C{°(R") is dense in L?(R™) and the Fourier transform is
unitary.
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This argument shows that f € D(—A*) if and only if |€|2f € L2(R"). In other
words,

D(A*) = H*(RM),

where H?(R") is the Sobolev space introduced in Example 3.23. Since —A is self-
adjoint on the domain H?(R"), we conclude that —A is essentially self-adjoint on
the core C°(R"). O

In Chapter 7 we will study Schrodinger operators, which have the form —A +
V, with V a potential function on R" acting as a multiplication operator. We can
extend the observation from Example 3.26 to certain Schrodinger operators using
the following:

Lemma 3.27. If A and B are self-adjoint operators and B is bounded, then A + B
is self-adjoint with domain equal to D(A). Furthermore, A + B is essentially self-
adjoint on a core domain for A.

Proof The sum T := A + B is clearly symmetric on the domain D(T') := D(A).
Suppose that u € D(T*), which means that the functional

v+ (u, Tv)
is bounded on D(T'). By writing
(u, Av) = (u, Tv) — (u, Bv),

and using the fact that B is bounded, we can deduce that u € D(A*) also. If A is
self-adjoint, then this shows that D(T*) C D(A) = D(T). Hence T is self-adjoint.

Suppose now that A is essentially self-adjoint on D(A). If u € D(A), then there
exists a sequence {u,} such that u, — u and Au, converges to Au. Since B is
bounded, Bu, also converges to Bu. Therefore the sequence T u, converges to Au+
Bu. This shows that u € D(T) with Tu = Au + Bu. Similarly, we can argue that
u € D(T) implies that u € D(A) with Au = Tu — Bu. We can conclude that
D(T) = D(A) and

T =A+ B.

Since A is self-adjoint by assumption, the self-adjointness of T follows from the
first part of the proof. O

Example 3.28. Suppose V € L°(R") is real-valued. Then the multiplication
operator My is bounded and self-adjoint on L?(R") by Examples 3.2 and 3.22.
Therefore, by Lemma 3.27 and Example 3.26, the Schrodinger operator —A + V is
self-adjoint on H*(R") and essentially self-adjoint on Coo(R™). O

In Section 7.2, we will improve the result of Lemma 3.27 by weakening the
restriction to allow B to be unbounded.



52 3 Operators
3.4.2 Criteria for Self-adjointness

So far, the only means that we have to verify that a symmetric operator is self-adjoint
is to explicitly check its domain against the definition (3.7) of the adjoint domain.
Although we have given a few examples in Section 3.4.1 where this works, direct
calculation of the adjoint domain is usually difficult. In this section we will develop
some alternative criteria for self-adjointness and essential self-adjointness. Many
applications of these criteria will be seen in later sections.

Consider a symmetric operator A. For v € D(A), the symmetry condition (3.16)
implies that

Im(v, (A — 2)v) = —(Imz)[[v]|*
for z € C. By an application of the Cauchy—Schwarz inequality, this implies

A _
oy < 1A=l um;)”” (320

for v € D(A). This is the crucial observation behind the following:

Theorem 3.29. Suppose that A is a symmetric operator, and let 7 € C be strictly
complex. The following conditions are equivalent:

(a) A is self-adjoint.

(b) A is closed and both A* — 7 and A* — 7 are injective.
(c) Both A — z and A — 7 have bounded inverses.

(d) Both A — z and A — 7 are surjective.

Proof Assume that A is self-adjoint and therefore closed. The operators A =+ z are
injective by (3.20), because A is assumed symmetric. Thus (a) implies (b).
Now assume (b). By Lemma 3.7,

ker(A* — 7) = range(A — 2)*. (3.21)

Hence the assumption that A* — Zz is injective implies that range(A — z) is dense.
Since A — z is closed by assumption, and bounded away from zero by (3.20),
Theorem 3.18 shows that A — z has a bounded inverse. Similarly, the assumption
that A* — z is injective implies A — z has a bounded inverse. This shows that (b)
implies (c).

It is trivial that (c) implies (d), so it remains to prove that (d) implies (a). Assume
that A — z and A — Z are surjective. To prove self-adjointness it suffices to show
D(A*) C D(A). Let u € D(A*). The surjectivity of A — z implies that there exists
v € D(A) such that

(A—2)v=(A%—2u.
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Since Av = A*v by symmetry, subtracting one side from the other gives
(A* —2)(u —v) =0. (3.22)

The surjectivity of A — z implies that A* — z is injective by (3.21), so (3.22) shows
that u = v and hence u € D(A). Thus D(A*) C D(A), proving that A is self-
adjoint. O

With a fairly straightforward adaptation of the proof of Theorem 3.29, we can
produce a corresponding result for essential self-adjointness.

Theorem 3.30. Suppose that A is a symmetric operator, and let 7 € C be strictly
complex. The following conditions are equivalent:

(a) A is essentially self-adjoint.
(b) Both A* — z and A* — Z are injective.
(¢c) Both A — z and A — 7 have dense range.

Proof 1f A is essentially self-adjoint, then A* is self-adjoint by (3.19). Thus (b)
follows from (a) by Theorem 3.29. And (c) follows immediately from (b) by (3.21).

It remains to show that (c) implies (a). Assume that range(A — z) is dense.
Clearly this also implies that range(A — z) is dense. Furthermore, a simple argument
(Exercise 3.8) shows that A is symmetric. Thus A — z is bounded away from zero by
(3.20). It now follows that A — z has a bounded inverse by Theorem 3.18. The same
reasoning applies to A — 7, and Theorem 3.29 then shows that A is self-adjoint. O

Theorems 3.29 and 3.30 are perhaps the best general tools we have for defining
self-adjoint operators. We will see ample demonstration of this in later chapters. For
now we will illustrate their usage in some simple one-dimensional cases.

Example 3.31. On L2(O, 1), consider the operator
Lo=—A, D(Lo) = C5°(0, 1).

Clearly Lo is symmetric, since integration by parts on C3°(0, 1) produces no
boundary terms, but it is not essentially self-adjoint. To show this, by Theorem 3.30
it suffices to produce a nonzero element of L (0, 1) which is orthogonal to the range
of Ly — z for z strictly complex.

Foru € C*°[0, 1] and ¢ € C3°(0, 1), we have

(u, (Lo — 2)¢) = (~u" — Zu, §). (3.23)

The equation u” + Zu = 0 admits nontrivial solutions, such as u(x) = eiVEx, By
(3.23) these solutions are orthogonal to the range of Ly — z. Therefore L is not
essentially self-adjoint. O

Example 3.32. The Robin boundary conditions on (0, 1) are given by

aou(0) — bou' (0) =0,  aju(l) + byu'(1) = 0, (3.24)
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where the coefficients a;, b; are real and (a;, b;) # (0,0) for j = 0, 1. These are
a generalization of the classical conditions introduced in Example 3.20, reducing to
Dirichlet if »; = 0 and Neumann if a; = 0.

Let L = —A on L%(0, 1), with domain D(L) consisting of smooth functions on
[0, 1] satistying (3.24). For f, g € D(L),

1
(f.—Ag) —(-Af.8)=(f'g—&'f) o

The vectors (f, ') and (g, g’) are linearly dependent at 0 and 1, by (3.24),s0 f'g —
g’ f vanishes at the endpoints. Therefore L is symmetric.

To see that L is essentially self-adjoint, we can use the ODE technique of
variation of parameters to construct the integral kernel for (L — z)~'. For j = 0, 1,
let w; be a nonzero solution of

— j+1 —

wi +zw; =0, [ajw; + (1) b,-w;.]|x=j =0,

where z is strictly complex. Each w; is a linear combination of the functions eV,

and is therefore smooth. We claim that the pair wg, w; is linearly independent.
Otherwise, wo would satisfy (3.24) at both endpoints. Then, by symmetry,

0 = (wo, wy) — (wy, wo) = (Z — 2)lwoll*.

Since z is strictly complex, this is not possible for wo nonzero.
For solutions of a second order ODE, the Wronskian,

/ /
Wlwo, wi] := wow] — wywi,

is given by a constant cg. Linear independence implies that ¢y # 0, allowing us to
define the integral kernel,

Kx,y)=—

1 [wowi(y), x =<y,
€0

wo(Y)wi(x), x >y.

For f € C*[0, 1], a simple calculation with the fundamental theorem of calculus
then shows that

1
u(x) :=/0 K. y) f () dy

yields a solution of u” 4+ zu = f withu € D(L). Hence f lies in the range of L — z.
Since C®°[0, 1] is dense in L2(O, 1), this shows that L — z has dense range. The
same construction applies to L — z, so we conclude that L is essentially self-adjoint
by Theorem 3.30. O



3.4 Symmetry and Self-adjointness 55

In Example 3.32 we can see the dramatic effect that the choice of extension
could have on the properties of the operator. For any choice of parameters ag, bg
and ay, by, the Robin Laplacian L is an extension of the positive operator —A with
domain C§°(0, 1). Despite the positivity of —A on this smaller domain, not all of
the extensions are positive. Indeed, if we take ap = a1 = o, by = —1, and by = 1,
then ¢ (x) := e~ lies in D(L) and satisfies L¢p = —a2¢. This shows that we can
choose boundary conditions for which the infimum of (¢, L¢)/ o2 is arbitrarily
negative.

3.4.3 Friedrichs Extension

For a positive symmetric operator, we usually look for a self-adjoint extension which
is also positive. The remark at the end of the previous section raises the question of
whether or not this is possible. The answer is clear in the essentially self-adjoint
case, because the closure of a positive operator is easily seen to be positive. In the
general case it is not so obvious, but positive extensions do in fact exist in general.

Kurt Friedrichs solved this problem by developing an extension method based
on the quadratic form u +— (u, Au) associated with a positive operator A. Note
that we could always shift a positive operator by a constant, without changing the
domain of the extension. Therefore, the natural context for the Friedrichs method is
a symmetric operator S which is semi-bounded, meaning that there exists a constant
a € R such that

(u, Su) > allu|? (3.25)

forallu € H.

Theorem 3.33 (Friedrichs Extension). Suppose that S is a symmetric operator
on ‘H which is semi-bounded in the sense of (3.25). Then there exists a self-adjoint
extension of S satisfying the same bound.

Proof By adding a constant to S, if necessary, it suffices to consider the case a = 1,
where S satisfies

(u, Su) > [|ul]*. (3.26)

Since § is symmetric, (3.26) implies that the sesquilinear form,
Qlu, v] == (u, Sv), (3.27)
defines an inner product on D(S). Let Hp denote the abstract Hilbert space
completion of D(S) with respect to Q[, -], as described in Section 2.4. Elements

of H o are equivalence classes of sequences in D(S) which are Cauchy with respect
to the norm ||| ¢ associated with Q[-, -].
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Our goal is to identify H o with a subspace of H. We first note that the inclusion
of (D(S), Q[-,-]) in H given by the identity map is continuous, by (3.26). It
therefore admits a unique extension to a continuous linear map J : Hop — H.

We claim that J is injective. To prove this, suppose that w € Hg and J(w) = 0.
Since D(S) is embedded in H g, we can find a sequence {vi} C D(S) such that
vy — w in Ho. By continuity, J(vk) — J(w) in H as k — oo. Since J(w) = 0,
and J reduces to the identity on D(S), this implies that

lim [Jvg|| = O. (3.28)
k—o00

Using the fact that the inner product on H ¢ is a continuous extension of (3.27), for
u € D(S) we can compute

(w,u)y, = kl_ifgo Olvg, u]

= lim (v, Su).
k— 00

Hence, (3.28) implies that (w, “>HQ = 0 for all u € D(S). Since D(S) is dense in
H, it follows that w = 0.

Using the fact that J is injective, we can interpret H o as a subspace of H by
identifying w € H o with J(w) € H. The desired self-adjoint extension A can now
be defined on the domain

D(A) = {u € Ho : |(u.v)3,| < Cllull forall v € HQ}. (3.29)

The condition on u in (3.29) implies that v = (u, v)y 0 extends to a bounded linear
functional on H. The Riesz lemma then defines a unique element Au such that

(u,v)3, = (Au, v), (3.30)

forall v € Hgp. Itis easy to check that u — Au is linear, and (3.30) implies that A
is symmetric. Moreover, (3.27) implies that § C A.

To see that A is self-adjoint, we use a variant of the argument from Theorem 3.29.
For u € H, the functional (u, -) is continuous on Hg, by (3.26). Since Hp is a
Hilbert space, the Riesz lemma gives w € H ¢ such that

(. v) = (w, V)3,

forall v € Hg. By (3.29), we have w € D(A) and Aw = u. Since u was arbitrary,
this proves that A is surjective. By Lemma 3.7, A* is therefore injective.

Now consider u € D(A*). By the surjectivity of A, we have A*u = Aw for
some w € D(A). Since A C A*, this implies A*(u — w) = 0. Hence, u = w,
because A* is injective, which proves that u € D(A). This establishes the inclusion
D(A*) C D(A), proving that A is self-adjoint.
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By (3.30), and the fact that (-, -)4,_ is a continuous extension of Q[-, -],

[¢]
(u, Auy > |u|?

for all u € D(A). m|

The Friedrichs construction can be applied more generally to construct a self-
adjoint operator from a quadratic form defined on a dense subspace 1 C H. The
requirements on H; for this construction are evident in the proof of Theorem 3.33.
We need for H; to be a Hilbert space with respect to (-, -);, and for the embedding
H1 — H to be continuous, meaning that there exists C > 0 such that

llull < Clluflg,

for all u € H1. We will see some important applications of the Friedrichs extension
in Section 6.1.

3.5 Compact Operators

In 1916 Riesz observed that many qualitative features of the spectrum of integral
operators could be deduced from a property that he referred to as “complete
continuity.” The modern formulation of this condition is the following:

Definition 3.34. An operator T € L(H) is compact if for any bounded sequence
{ur} C H, the sequence {Tuy} has a convergent subsequence.

Another way to say this is that 7 maps bounded subsets to relatively compact
subsets. The same definition applies also to maps between Banach spaces, but our
focus is on Hilbert space operators.

The most basic example of a compact operator is a bounded operator of finite
rank. If {Tux} is a bounded sequence contained in a finite-dimensional subspace
of H, then the Bolzano—Weierstrass theorem implies that {Tu;} has a convergent
subsequence. Thus all bounded finite-rank operators are compact.

It follows directly from Definition 3.34 that the sum of compact operators
is compact. Moreover, if B is a bounded operator and 7 is compact, then the
continuity of B implies that both BT and 7B are compact. We can summarize
these observations as follows:

Lemma 3.35. The set of compact operators on H is an algebra and a two-sided
ideal within L(H).

Alongside these algebraic properties, we have an important analytic result, that
the compact operators form a closed subspace with respect to the operator topology.
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Theorem 3.36. If {T,} is a sequence of compact operators on ‘H that converges
(with respect to the operator norm) to a bounded operator T, then T is compact.

Proof Suppose {ur} C H is a bounded sequence and let M := sup |lug||. Using
the fact that 7' is compact, we can choose a subsequence {u x} for which {T7u1 }
is convergent. Then we can take {u2 x} C {u1«} so that {Tou;} converges, and
so on. The result is a nested set of subsequences {uy, x} for which {Tju, }72, is
convergent as k — oo form > j.

Now consider the diagonal subsequence wi := uj ;. We claim that the image
sequence {T wy} is Cauchy. To show this, pick & > 0. There exists an n such that

IT, —Tl=<e
by the norm convergence 7, — T . For this value of n,
ITwk — Twyll < 2Me + | Tywi — Thawn|| (3.31)

by the triangle inequality. The sequence {7;wy}2 | is convergent by the diagonal
construction, and therefore Cauchy as well. Hence there exists N > 0 such that for
k,n>N

1Ty wi — Thwn| < e&.
Applying this to (3.31) gives
ITwe = Twa | < 2M + e,

fork,n > N. Since M is fixed and ¢ is arbitrary, we conclude that {T'wy} is Cauchy,
and hence convergent. O

The close connection between compact and finite-rank operators is demonstrated
by the following result. Our proof is limited to separable Hilbert spaces for the sake
of brevity, but the result does extend to the non-separable case.

Theorem 3.37. Let H be a separable Hilbert space. An operator T € L(H) is
compact if and only if there exists a sequence of bounded finite-rank operators {T,}
such that |T, — T| — 0.

Proof Since bounded finite-rank operators are compact, limits of sequences of such
operators with respect to the operator-norm topology are compact by Theorem 3.36.

To prove the converse, suppose that T is a compact operator. Our goal is to
construct an approximating sequence of finite-rank operators. This is trivial if
dimH < oo so we assume that dim H = oo.

By Theorem 2.33, there exists an orthonormal basis {e; }?OZ | for H. Let P, be the
orthogonal projection onto the span of {ey, ..., e,} and R,, the orthogonal projection
onto {eq, ..., en}J‘, so that P, + R, = I. Clearly P,T is bounded and has finite-
rank, so we can complete the proof by showing that P,7 — T.
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Forv e #H
- 2
IR.ToI* = )" [(ej. Tv)|".
j=n+1
Taking the supremum of both sides over ||v|| = 1 shows that ||R,T| is decreasing

as n — o¢. This means that either |R,T|| — O or |R,T|| > & for all n for some
& > 0. Assume that the latter holds. Then for each n we can choose v,, € H some
llvg ]l = 1 such that

IR, Tvy,| > e.

By the compactness of T, the sequence {Tv,} admits a convergent subsequence:
Tv,, — w € H as k — 00. Then

”Rnk Tvnk | < ”Rnkw” + ”Rnk (Tvnk —w)|l,
and taking k — oo gives
¢ < liminf |R,, w].
k— 00

This is a contradiction, because

2

IR wl* =" [(ej. w)

J>ng
and so || R,, w|| — 0 by Bessel’s inequality. We conclude that ||R,T || — 0, which
proves that P,T — T. O

Using Theorem 3.37, we can develop an equivalent characterization of compact-
ness, which is sometimes taken as the definition.

Theorem 3.38. A bounded operator T € L(H) is compact if and only if T maps
weakly convergent sequences to convergent sequences.

Proof Suppose first that T' is compact and {ux} C H is a sequence which converges
to w in the weak sense. For each v € H, weak convergence implies a bound

sup [(ug, v)| < oo.
k

Thus, by uniform boundedness (Theorem 2.13), there exists M > 0 such that
luell < M

for all k.
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Given ¢ > 0, Theorem 3.37 implies that there exists a bounded finite-rank
operator T, such that ||7,, — T'|| < €. Replacing T by 7,, thus gives

IT (ux — w)ll < 1T (ug — w)ll + (M + [[w]). (3.32)

Since T}, is bounded and has finite rank, weak weak convergence u; — w implies
that 7, (ux — w) — 0 in norm. Thus taking k — oo in (3.32) gives

limsup || T (ug — w)|| < e(M + |w])).

k—o00

This holds for all € > 0, which proves that Tu; — Tw.

To prove the other direction, we assume that T € £(?{) maps weakly convergent
sequences to strongly convergent sequences, and let {u;} be a bounded sequence
in H. Alaoglu’s theorem (Theorem 2.37) gives a subsequence {u;} that converges
weakly to some w € H. By assumption, the fact that ux; — w — 0 in the weak
sense implies the norm convergence Tui; — Tw. O

3.5.1 Hilbert-Schmidt Operators

The first compact operators to be studied were integral operators of a specific type,
introduced by David Hilbert and Erhard Schmidt in 1907. Suppose that (X, M, )
is a measure space such that L2(X, d ) is separable (for example, a subset 2 C R”
with Lebesgue measure). A Hilbert—Schmidt operator on L*(X,du) is an integral
operator defined by

T7) = [ KGonfo)du). (3:33)
X
where the integral kernel satisfies
K € LZ(X x X,du ®duw).

The integral on the right-hand side of (3.33) is defined for almost every x. To see
this, note that

/XIK(x, WSdp(y) < 1K, Dz LA (3.34)

by the Cauchy—Schwarz inequality. The function |K (-, -)|? is integrable on X x X,
80 || K (x, )|l 2(x) < oo for almost every x by Fubini’s theorem.
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Theorem 3.39. If T is a Hilbert—Schmidt operator with integral kernel K, then

ITI < 1Kl 2(x xx)>
and T is compact.

Proof The operator-norm estimate follows from squaring (3.34) and integrating:

2
IITfI|2=/X</XIK(x,y)f(y)|dM(y)) dpu(x)

< fx 1K ) 22, 11 o) (3.35)

= 1K 132 1117

By the assumption that L3(X,dp) is segarable, there exists an orthonormal basis
{¢r}f;- It is easy to check that {¢; ® ¢x}55_, gives a corresponding basis for

L*(X x X,du ® du). In terms of this basis, K has the expansion

o0
K,y =) ajpd;j(0)¢(y), (3.36)
k=1

converging in the L? sense, where

ajk = {¢j, Tor). (3.37)
By Theorem 2.34,
- 2

2

||K||L2(X><X) = Z |ajk| . (338)

J.k=1

The basis expansion (3.36) provides a natural bounded finite-rank approximation
Tn, with integral kernel

N

Ky, y) = ) ajdi(x)de(y).

jk=1
By the estimate used in (3.35),

IT — Ty l?

IA

IK = Kn 1720005,

3 Japl

Jj.k>N

By (3.38), this is the tail of a convergent series, implying that |7 — Ty|| — 0 as
N — oo. a
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Example 3.40. On L?(0, 1), consider the integration operator T, given by

X
rrw = [ foa.
This can be written as an integral operator with the kernel,

I, x=<y,
K(x,y):{o Y

X >y

Clearly K € L2((0, 1) x (0, 1)), so T is a Hilbert-Schmidt operator and therefore
compact. o

If T has an integral kernel K, then the L? norm of K is called the Hilbert—
Schmidt norm of 7'. The formula (3.38) allows us to extend this notion to operators
on an abstract (separable) Hilbert space H. We say that T € L(#) is Hilbert—
Schmidt if, for an orthonormal basis {¢y},

T2 == Z|¢,,T¢k < . (3.39)

J.k=1

(In the case of finite-dimensional matrices, this is called the Frobenius norm.) For
integral operators, (3.38) shows that the sum on the right is independent of the choice
of orthonormal basis. This remains true for any compact operator, although the proof
is not so obvious.

3.6 Exercises

3.1. Let T := % acting on L?[0, 1], as in Example 3.6. Compute D(T*) for the
following choices of domain:

(a) D(T) := C (0, 1).
() D(T) :={f € C[0, 1]: f(0O) = f(D)}.

3.2. Consider the differentiable operator T := —i 7~ d forx e R.

(a) On L%(0, 00), with the domain D(T) = C°(0, 00), show that 7' is symmetric
but not essentially self-adjoint.

(b) On L%(R), with the domain D(T) = Cy°(R), show that 7' is symmetric and
essentially self-adjoint.
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3.3. Prove Lemma 3.7: For an operator T : D(T) — H,

ker(T*) = range(T)™ .
3.4. Complete the proof of Theorem 3.18 by establishing the following: If the
operator T is closed and bounded away from zero, then T is injective and range(7T")

is closed.

3.5. For an operator 7 on a Hilbert space H, let 7 be the space D(T') equipped
with the graph norm,

1
£ = (L1 + 1T 1%) 2
Prove that T is closed if and only if 77 is complete with respect to |||/ 7.
3.6. For a bounded self-adjoint operator A, prove that

[All = sup [{v, Av)].
lvll=1

[Hint: Use the easily verified identity,
Re(v, Aw) = %[(v +w, A(v + w)) — (v —w,A(v — w))],
along with the result of Exercise 2.5.]
3.7. Suppose A is a positive operator. Prove that A is symmetric.
3.8. Prove that the closure of a symmetric operator is symmetric.
3.9. Prove that a closable operator A is essentially self-adjoint if and only if
A= A"

3.10. Let T be a symmetric operator with self-adjoint extensions Aj and Aj. If
D(A1) C D(A,), prove that A| = Aj.

3.11. Prove the following variant of Theorem 3.30: If A is a positive operator, then
the following statements are equivalent:

(a) A is essentially self-adjoint.
(b) A* 4 1 is injective.
(c) A+ 1 has dense range.
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3.12. Let My be a multiplication operator on L2(X ,du), as in Example 3.2, with
f : X — C measurable and

D(My) = {ve L*(X,dp): fveLl*(X,dw).
(X is assumed to be o -finite.)

(a) Prove that the domain D(M r) is dense in L%(X, du).
(b) Prove that D(M;i) =D(My) and M} = M?. Hence M is self-adjoint if and
only if f is real-valued a.e.

3.13. Given an orthonormal basis {¢}2 | on a Hilbert space H. let T be defined
by

T = A,
where {1¢} is a bounded sequence. Prove that 7' is compact if and only if Ay — O.

3.14. Suppose that T' is a compact operator on H. Let {Sx} € L(#) be a sequence
of bounded operators such that S; — 0 in the strong operator sense. Prove that
T Sk — 0 in the operator norm topology.

Notes

Most of the standard texts on functional analysis or operator theory focus on the
context of bounded operators on Banach spaces. We have chosen to emphasize
unbounded operators from the beginning in order to develop the spectral theory
of differential operators more quickly. This is similar to the approach taken in
Weidmann [94], which gives a more complete treatment of the unbounded operator
theory. For additional background on the unbounded case, see Riesz—Nagy [74,
Chapter VIII], Kato [49, Chapter 5], Reed and Simon [69, Chapter VIII], or
Schmiidgen [80].

Compact operators are a standard topic in any functional analysis text. See, for
example, MacCluer [60, Chapter 4], for a presentation that includes the proof that
the Hilbert—Schmidt norm (3.39) is independent of basis. For an introduction to
compact operators that includes the theory of traces and determinants, see Simon
[83, Chapter 3].

The relationship between operators and quadratic forms, which was used to
define the Friedrichs extension in Section 3.4.3, is developed more systematically in
Kato [49, Chapter 6], Reed and Simon [69, §VIIL.6], Schmiidgen [80, Chapter 10],
and Weidmann [94, §5.5].
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There is a complete theory that describes the possible self-adjoint extensions
of a symmetric operator, developed by von Neumann. We have chosen not to get
into this here, because most of our later applications involve essentially self-adjoint
operators. For details, see Reed and Simon [70, §X.1], Schmiidgen [80, Part VI], or
Weidmann [94, Chapter 8].



Chapter 4 ®
Spectrum and Resolvent e

David Hilbert was the first to use the term “spectrum” to describe the set of
eigenvalues of a linear operator, in a series of papers starting in 1904. He was
apparently motivated by a loose analogy between the discrete sets of eigenvalues
of certain integral operators and the atomic spectral lines discovered by physicists
in the nineteenth century. Remarkably, Hilbert’s analogy became a direct link just a
few decades later, in Erwin Schrodinger’s landmark calculation of the spectral lines
of the hydrogen atom in 1926. (We will see this calculation in Section 7.4.)

The spectrum of a matrix M is the set of its eigenvalues (another term coined
by Hilbert). Eigenvalues were originally defined by Augustin-Louis Cauchy as the
roots of the characteristic polynomial, ¢g(z) := det(M — zI). Since g(A) = 0
precisely when M — A[ fails to be invertible, each eigenvalue is associated with
an eigenvector, a nonzero vector v for which Mv = \v.

In the operator case, the determinant is not generally defined, so we define the
spectrum in terms of the invertibility of 7' —z, for z € C. (To simplify the notation, a
number appearing in an operator formula is interpreted as a multiple of the identity,
so that T — z stands for 7 — z/.) It still makes sense to define eigenvalues in
terms of the existence of an eigenvector. This does not give the full spectrum,
however, because there is no rank-nullity theorem in the infinite-dimensional case.
The operator T — A could fail to be invertible even when T — X is injective and hence
there is no eigenvector for A.

4.1 Definitions and Examples

Let T be an operator on a Hilbert space H in the sense of Definition 3.1, i.e.,
possibly unbounded. An eigenvalue of T is a number A € C for which there exists
a corresponding eigenvector ¢ € D(T)\{0}, such that

© Springer Nature Switzerland AG 2020 67
D. Borthwick, Spectral Theory, Graduate Texts in Mathematics 284,
https://doi.org/10.1007/978-3-030-38002-1_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-38002-1_4&domain=pdf
https://doi.org/10.1007/978-3-030-38002-1_4

68 4 Spectrum and Resolvent

Tp = rg.

The set of eigenvalues is called the point spectrum and denoted by op (7).
Each eigenvalue carries a multiplicity, defined as the dimension of the space of
eigenvectors sharing the same eigenvalue. In linear algebra terminology, this is the
geometric multiplicity. (For the operator definition of algebraic multiplicity, see, for
example, Gohberg and Krein [37, §1.1].)

As noted in the introduction, there might be more to the spectrum than eigenval-
ues. The full definition is as follows:

Definition 4.1. For an operator T, the spectrum o (T') is the set of points A € C for
which T — A fails to have a bounded inverse. The complement of the spectrum is
the resolvent set, denoted by p(T). The bounded operator (T — 2)~ ! is called the
resolvent of T at z € p(T).

The “resolvent” is yet another term coined by Hilbert, but the concept had been
introduced earlier by Ivar Fredholm in 1903. We will show in Section 4.2.2 that the
resolvent set is open as a subset of C, and therefore the spectrum is closed.

By the inverse mapping theorem (Theorem 3.17), the existence of a bounded
inverse for T — z requires T to be closed. Therefore, an operator that is not closed
has all of C as its spectrum.

When T is closed, the inverse mapping theorem implies that z € p(T) if and
only if T — z is bijective. Thus there are only two possible ways for a point A € C
to be contained in the spectrum. Either X is an eigenvalue, or 7 — A is injective but
not surjective.

Example 4.2. Consider the differential operator 7 := —i % from Example 3.21,

which was seen to be self-adjoint on L2(0, 1) with the domain D(T) consisting
of absolutely continuous functions satisfying periodic boundary conditions. This
operator has the obvious eigenfunctions,

¢k(-x) = eZnikx

for k € Z. The eigenfunctions constitute an orthonormal basis for L2(0, 1), by the
Fourier basis arguments from Example 2.32.
For z € C\(2nZ), we can define the resolvent by

(T—2)7" i > Quk —2) gy
The operator (T — z)~ ! is thus bounded, with norm

1

— -1 -
[T -27] = dist(z, 27 2)
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Hence, p(T) = C\(27Z) and

o(T) =op(T) =27 Z.

4.1.1 Basic Properties of the Spectrum

For bounded operators we can use the operator norm to estimate the spectrum by
working out a formula for (T — z)~! when |z| > ||T].

Lemma 4.3. For a bounded operator T,
o(T)Cf{zeC:lzl =TI}

Proof For |z| > ||T|, the series
§:=Y z*r* (4.1)

converges absolutely in £(), and therefore defines a bounded operator. Clearly T
commutes with S, and the obvious identity,

TS =z(S-1),
implies that
(T —2)S =—=z.
Thus, T — z has a bounded inverse and z € p(T). |

In later sections, we will study the resolvent operator in greater detail and use it
to develop a better understanding of the spectrum. Before getting into this analysis,
it is helpful to observe that the resolvent and spectrum behave naturally with respect
to adjoints. Let us define the image of a subset W C C under complex conjugation
by

W*:={ze€C: ze W)
Theorem 4.4. For a closed operator T,

o(T*) =o(I)* and p(T*) = p(T)".
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If z € p(T), then

(T- ' "=a*-27". (4.2)
Proof 1t suffices to show that p(T)* C p(T*). This will imply p(T*) C p(T)*

also, because T** = T for a closed operator.
Suppose z € p(T). Forv € H and w € D(T*),

(v, w) = (T = (T —2)"'v, w)
=((T — 2 ", (T* = Dw)
= (v, [(T — 27" (T* - Dw).
Since v and w are arbitrary, this shows that
(T -7 ']"(@* =2 =1. onD(T™).
A similar argument shows that
(T*=DH[T -27']"=1, onH.

Hence 7 € p(T*) and (4.2) holds. O

4.1.2 Spectrum of a Multiplication Operator

The multiplication operators introduced in Example 3.2 will play a pivotal role in the
spectral theorem developed in Chapter 5, analogous to the role played by diagonal
matrices in linear algebra.

Let us recall how a multiplication operator is defined for a o -finite measure space
(X, M, ). Associated with a measurable function f : X — C is an operator

My :u— fu,
acting on the Hilbert space L>(X,d). This operator is bounded, with norm

IMfll = |l flloo, if and only if f € L®(X,du). Otherwise, M is defined as
an unbounded operator on the domain

D(My) = {u € L*(X,dp) : fu eueL*(X,dw).
The resolvent (M; — z)~! at a point z € C will clearly be given by the

multiplication operator corresponding to (f — z)~!, provided this is bounded.
Therefore z € p(My) if and only if (f — 2)~! e L®(X, du). The spectrum of



4.1 Definitions and Examples 71

M is thus closely related to the range of f. To describe it precisely, we introduce
the notion of the essential range of f (with respect to w), defined by

ess-range f = {z eC: ,u,(f_l(B(z; €))) > Oforall e > O}.

This concept is quite similar to the essential supremum; both notions are unchanged
when the function is modified on a set of measure zero. Note that for a continuous
function on R”, the essential range (with respect to Lebesgue measure) is not the
range itself, but rather its closure.

Theorem 4.5. For a multiplication operator M y on L%(X,duw),
o (My) = ess-range f.
Ifz € p(My), then

1

_] _
|01 -7 = dist(z, o (M)’

Furthermore, A € C is an eigenvalue of My if and only ifw(f~Hrp > 0.

Proof If A € ess-range(F), then for all ¢ > 0, we have | f — A| < ¢ on a set of
positive measure. This means that

[¢(f =07 = o0,

Thus My — A does not have a bounded inverse and hence A € o(My). This
establishes

ess-range(f) C o(My). 4.3)

Now suppose that z ¢ ess-range(f). For r < dist(z, ess-range( f)), this implies
that

w(f "Bz r) =0.
In other words, | f(x) — z| > r for almost every x € X, implying that
l(fF=7M, =r (4.4)
and hence z € p(My). In view of (4.3), this proves

ess-range(f) C o (My).
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From (4.4) we also obtain the resolvent estimate,
|(Mp—2)71| < dist(z, 0(Ms) ™. 4.5)

If r > dist(z, ess-range(f)), then |f — z| < r on a set of positive measure, and
therefore

[(F =27z

Thus equality holds in (4.5).
Finally, let us prove the characterization of an eigenvalue. Suppose that ¢
LZ(X , d ) satisfies the eigenvalue equation,

(M —1)¢ =0. (4.6)

In other words, (f — A)¢ = 0 almost everywhere on X. If u(f~'{1}) = 0, then
(4.6) implies that ¢ = 0 almost everywhere. Therefore, a nontrivial solution of (4.6)
is possible only if s (f~'{1}) > 0. Conversely, if u(f~'{A}) > 0, then there exists
aset E C f~1{A} with 0 < w(E) < oo. Setting ¢ = xr yields an eigenfunction
for A. |

4.1.3 Resolvent of the Euclidean Laplacian

We saw in Example 3.23 that the Laplacian on R” is self-adjoint with domain given
by the Sobolev space D(—A) = H?(R"). Moreover, —A is unitarily equivalent to
multiplication by |& |2, under the Fourier transform. Therefore, by Theorem 4.5,

o(=A) = [0, 00).

The unitary equivalence to M2 also allows us to work out an explicit formula
for the resolvent, which will prove useful later. For convenience, let us write the
spectral parameter as 7 = —k2, so that Rex > 0 corresponds to the resolvent set.
Our goal is to invert the operator —A + 2.

By symmetry, the integral kernel of (—A + « should depend only on the
distance between points, so we seek a function G (k; r) such that

2)—1

(—A+x)7 () = /R Gl lx —yD S d"y, 47

for f € L>(R"). The integral kernel G is called a Green’s function (or fundamental
solution) for the operator —A + k2.
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To solve (4.7), we apply the Fourier transform to the expression on the left,
yielding

. £®)
Fl(=A +«H7! = —"=.
[« O =
The inverse Fourier transform then gives
- Lo [ e S®
A4+ =@ 2/ X200 g, 4.8
( =0Tt | et d (4.8)
To compute the remaining integral, we write
o /00 e~ IEFHD) gy
1512 +«2 Jo ’

for Rex? > 0. Applying this to (4.8) and using the definition of f , give (4.7) with

G(Ka |X - yl) = (27’[)7"'/ /OO el'(X7y)~§'71(|§|2+K2) dﬂg dl
n Jo

(where the change in integration order is justified by Fubini’s theorem). The integral
over £ is now a standard Gaussian Fourier transform,

/ o I EER g (Z)fefleylz/m_
n t

Plugging this back into the expression for G gives

n o0 n 2 2 4
G;r) = (471)—7] T KA gy
0

-4 n=2 ® —t—i2r? 4t
= (4m) 2« t 2e drt.
0

This expression for G («; r) can be compared to a standard formula for the modified
Bessel function [64, Eq. (10.32.10)],

N
Ky(w) :=§(%)/0 e A gy,

valid for v € C and |arg w| < 7 /4. Setting w = kr gives

Gk:r) = (271)—%(%)]7%@_1@0. (4.9)
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Although we assumed Re k2 > 0 for sake of the calculation, we can now appeal
to the Bessel equation to verify that the formula (4.9) extends to the full resolvent
set Rek > 0. For n = 3, the formula (4.9) simplifies to

1 e—Kr

Gk;r) = pr—

The classical Green’s function is the integral kernel for (—A)~!. This can be
recovered from (4.9) by formally taking « — 0. Using the well-known asymptotics
of K,(w) as w — 0, we obtain

——logr, n=2,
2
GO;r)=

Zn_%r‘(% —Dr¥ ™, n>3.

The existence of G(0; r) as an integral kernel for (—=A)~! does not contradict the
fact that 0 € o(—A), because these kernels do not define bounded operators on
L*(R™).

4.1.4 Discrete Laplacians

As a final class of examples, we consider some operators on the discrete Hilbert
space £2(Z") that arise in the context of solid-state physics.

To define a discrete analog of the Laplacian, we start by writing the one-
dimensional Laplacian as the limit of a difference quotient,

2f@) = fx+h) = flx—h)

—afw = fin Z

This formula suggests that the discrete analog of the Laplacian on a regular lattice
should be defined by freezing & at a nonzero value equal to the lattice spacing. For
example, on 22(Z") we would set i = 1 and define

—Apflky= Y (fk) — f(m). (4.10)

meZ: |k—m|=1

Note that the sum is finite. For each k € Z", it includes the 2n nearest neighbors in
the lattice. It is clear from the triangle inequality that

[=Azn |l < 4n.
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We can therefore see that — Az is self-adjoint just by checking symmetry,

(fi=Amg)= Y. Fl(ek) —g(m)

k,m:lk—m|=1

= Y. (fm)—fk)gmm)

k,m:lk—m|=1
= <_AZ" fv g>
To determine the spectrum of —Az», we use the discrete Fourier transform F :
L2(T") — ¢>(Z"), given by
Flhl(k) = (271)—"/2/ e *n0) d"e,
']I‘n

where T" := (R/2xwZ)". This map is unitary, with inverse given by the Fourier
series,

FHLUO) = @m) "2y ™ f (k).

keZ

For g € L2(T"), we compute

—Agn Flelk) = Z (zﬂ)—n/zf (e—ik.a _e—im.0>g(9) 4"0

lk—m|=1
n
= (@m)™"? / e ko (2—e—f9f—e"9f)g(9)d"9

- Z}'[(2 —2cos6;)gl(k).

j=1

Thus F gives a unitary equivalence between —Az» and the multiplication operator
My acting on L2(']I‘”), for the function

n
H(@®) =) (2—2cost)).
j=1
It follows from Theorem 4.5 that

o(—Az) = [0, 4n].
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Discrete operators like —Az» are frequently used as models for problems in
crystallography. These models are highly simplified from a physical point of view,
and yet their mathematical behavior can be extremely complex. One of the more
famous examples of this complexity arises as a discrete model for the problem of
electrons in a two-dimensional lattice, subject to a constant magnetic field applied
perpendicular to the lattice. Physicist P. G. Harper proposed in 1955 [42] to model
this system using a quantum Hamiltonian operator H, acting on £(Z?), given by

Hyu(my, mp) :=u(@my +1,mz) +u(m; — 1, my)

+ e Ty my my 4 1) 4 2Ty (my, my — 1),

where o € [0, 1]. The parameter « represents the strength of the magnetic field. It
is easy to check that H, is bounded and self-adjoint. The &« = 0 case reduces to
H() = A22 + 4

Harper’s model is relatively easy to analyze when « is rational. If « = p/gq
with p, g € N, then H, is periodic in both dimensions, with a fundamental cell of
size g x 1, as illustrated in Figure 4.1. To analyze the spectrum, we can adapt the
discrete Fourier transform to this periodic structure. Define the map U : £%(Z?) —
L%(T?, CY) by

1 .
Wh;j®) = kZZ2 e RO £(j =1+ gy, ko).

Note that the jth component of Uf is the standard Fourier transform of the
restriction of f to the jth site in each cell. This map U is a special case of the
Floquet transform (also called Bloch-Floquet), which is a fundamental tool in
periodic spectral theory.

Fig. 4.1 Fundamental cell
for Hy wheng =5

It is straightforward to check that U is unitary. To define its inverse, we write

1 . .
U*g(ml, my) = E /2 elk01+tmzezgj(0) dZG,
T

wherem| = j—1+qgk,withk € Zand j =0, 1, ..., g — 1. The inversion formula
for Fourier series implies that U* = U~
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We can work out the spectrum of H,, (still assuming ¢ = p/g) by computing
U H,U*. 1t is helpful to write H, in terms of shift operators, as

Hy = S| + S} 4 e 2ripmi/a g, 4 o2mirmi/a g% (4.11)
where
Stu(my, my) :=u(my + 1, my), Sou(my, mp) :=u(my, my + 1).
Under conjugation by U, S, behaves like an ordinary shift of Fourier series,
US,U*g(0) = ¢'%g(6). (4.12)

The action of §j is slightly more complicated. Setting m; = j — 1 + gk as above,
we have

(51U%g)(0) = U*g(j + qk)

1 K6y +i

L / Mtimtg 10)d%0,  j <q.
T JT2

=1, _ ‘
_/ kDOm0 () 420, j=gq.
2r J2

Applying U then gives

N gi+10),  j<q
USiUg)j@O) = " . (4.13)
eg1(0), j=gq.

By using (4.12) and (4.13) togethsr with (4.11), we can see that U conjugates Hy
to a matrix multiplication operator A on L?(T?, C?). This has the form
N q
[Agli(0) = Aij(0)g;(®).
j=1

where A(6) is the self-adjoint matrix-valued function

0 ¢t 0 I,
AB) := ol D
) (Iq—l 0 ) + <€_,9l 0 ) + D(6y),

with I;_; the (g — 1)-dimensional identity matrix, and D(6>) the ¢ x g diagonal
matrix given by

[D(E:)];j = 2COS<M _ 92> -
q
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Using the continuity of A(¢) and compactness of T2, it is straightforward to
check that A — A is invertible if and only if the 2 x 2 matrix A(f) — A is invertible
for all & € T?. Therefore, for @ = p/q we may conclude that

o(Hy) = | o(A@®)). (4.14)

0eT?

For example, in the case p = 1 and ¢ = 2,

61
A0) = < 2costr 1+e )

14+e7% —2cos8,

The eigenvalues of A(6) are

As(0) = /2 4+ 2cos(6) + 4cos2(6,),
and therefore
U(Hl/z) = [—«/g, \/g]

In his 1976 PhD thesis, Douglas Hofstadter [45] performed numerical calcula-
tions which first revealed the intricate structure of o (H,) for rational «. His work
included a two-dimensional plot of these spectra, now known as the “Hofstadter
butterfly,” which is illustrated in Figure 4.2.

-4 -2 0 2 4

Fig. 4.2 The spectrum of H,, is plotted horizontally for rational values of « ranging from O to 1
on the vertical axis
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This plot illustrates the possibility of extreme instability of the spectrum under
perturbations. One might imagine that the intricate structure of the spectral bands
is an artifact of Harper’s simplified model. However, in 2013 such patterns were
observed in nature by several independent research groups. These experiments
involved graphene, an exotic material consisting of carbon atoms arranged in a two-
dimensional hexagonal lattice that is only one atom thick.

Determining the spectrum of H,, for « irrational is a much more difficult problem
than the calculation used to create Figure 4.2. Hofstadter’s work gave support to an
earlier conjecture by Mark Azbel that o (Hy) is a Cantor set for irrational values of
o, and thus has measure zero. This conjecture, later popularized by Mark Kac and
Barry Simon as the “ten-martini” problem, was finally proven by Artur Avila and
Svetlana Jitomirskaya in 2009 [6].

4.2 Resolvent

For a matrix, the fact that the spectrum can be defined as the roots of the
characteristic polynomial allows us to apply powerful tools from complex analysis
to spectral questions. For example, the existence of eigenvalues follows from
Liouville’s theorem, via the fundamental theorem of algebra.

For a general operator there is no direct analog of the characteristic polynomial.
However, we can still bring complex analysis into the picture by interpreting the
resolvent as a holomorphic function of the spectral parameter.

4.2.1 Analytic Operator-Valued Functions

To set up our analysis of the resolvent, we first develop some basic theory of analytic
families of bounded operators. Throughout this discussion, we will use £2 to denote
an open, connected subset of C.

Definition 4.6. A map F : 2 — L(H) is analytic if for each zg € §2 there exists a
sequence of bounded operators {A,,};’lo:] C L(H) and ry > 0 such that

F(2) =) (z—20)"An, (4.15)
n=1

with the series converging absolutely for |z — zg| < rp.

By the root test, the radius of absolute convergence of the power series (4.15) is

-1
ro = (limsup |14, +)

n—oo



80 4 Spectrum and Resolvent

In particular this means that for T € L(#), the geometric series,
x
(I —zT)"' =) ""1", (4.16)
n=0

is convergent for |z| < ||T|~'. An operator expansion of the form (4.16) is called
a Neumann series. It is easy to check that (I — zT)~! is analytic at each point
z0 € {|z] < |IT|I”'}, using a geometric series expansion:

(I —zT)"" = [ —20T) — (z — 20)T] "

= -2 @ -2 [T - 20D,
k=0

for |z — zo| sufficiently small.
As in the scalar case, operator-valued analyticity is related to the existence of a
complex derivative. A function F : 2 — L(H) is holomorphic if the limit

F(z+h) - F(2)

Y , (4.17)

F'(z) := lim

h—0

exists (in the operator-norm topology) for each z € £2. To make the connection

between holomorphic and analytic functions, we can use operator-valued contour

integrals.

To keep this discussion brief, we will only define contour integrals in a weak

sense. We say that F : 2 — L(H) is weakly continuous if the function z +—
(v, F(z)w) is continuous for each v, w € H.

Lemma 4.7. Suppose that F : 2 — L(H) is weakly continuous, and let y be a
closed, piecewise smooth curve in S2. There is a unique bounded operator, denoted
by
r= [ roa (4.18)
14
such that

(v, Tw) = /(v, F(z)w) dz
12

forall v, w € H. Moreover,

IT] < €(y)sup | F(z)].

€Y
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Proof The sesquilinear form,
qv, w) :=/<v, F(z)w) dz,
Y

is well defined by the weak continuity assumption. Furthermore, since y is compact,

sup (v, F(z)w) < o0
zey

for each v, w € H. The uniform boundedness principle (Theorem 2.13) implies that

sup || F(2)|| < oo.

z€Y

Hence ¢ (-, -) is bounded as a sesquilinear form, with

llgC, )Nl < €(y)sup [ F(2)]. (4.19)
zZey

By Corollary 2.29 of the Riesz lemma, it follows that there exists a unique 7' €
L(H) such that

g, w) = (v, Tw),

with [T = llg (-, )II- 0

One could extend the definition of (4.18) through an operator-valued formulation
of Riemann sums. This approach allows for considerably less restrictive regularity
assumptions on F and y. We will not go into the details here, as the weak
formulation given in Lemma 4.7 is sufficient for our applications.

We say that a function F : 2 — L(H) is weakly holomorphic if, for each
v, w € H, the function

z = (v, F(2)w)

is holomorphic on 2. The advantage in using weak notions of holomorphicity
and contour integration is that we can develop the theory using ordinary complex
analysis. The following result shows that we do not lose anything by taking this
approach.

Theorem 4.8. For a function F : 2 — L(H), these conditions are equivalent:

(a) F is analytic.
(b) F is holomorphic.
(c) F is weakly holomorphic.
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Proof To prove that (a) implies (b), one must show that term-by-term differentia-
tion of the power series (4.15) is justified. This argument is essentially the same as
in the scalar case, so we omit the details.

The fact that (b) implies (c) is trivial, so it remains to prove that (c) implies (a).
Assume that F is weakly holomorphic on §2. Let zo € §2. Choose r > 0 so that
B(zo;r) C £2, and let y := 9B(zp; r). Applying Cauchy’s formula to the scalar
holomorphic function (v, F(-)w) gives an expansion

(v, FQw) = ) (2 = 20)"an (v, w), (4.20)
n=0
where
_ 1 [ (v FRuw)
a, (v, w) == i /y @ 2o dz 4.21)
forn € Zy.

By Lemma 4.7, the coefficient (4.21) can be written as
ap (v, w) = (v, A w),

where

1 F(z)
Ay = — | ——————dz.
" 2mi /y =z

Lemma 4.7 also gives the estimate,

A

1
[Anll = — sup | F()Il.
r

€Y

implying that the power series

Q) = (z—20)"An
n=0

converges absolutely for |z — zg| < r. By (4.20),

(v, F(2)w) = (v, Q(2)w)
for all v, w € H. Hence F(z) = Q(z) for |z — z9| < r, and so F(z) is analytic
at zp. O

As a corollary of the proof of Theorem 4.8, we obtain an operator form of
Cauchy’s derivative estimate.
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Theorem 4.9. Suppose F : 2 — L(H) is analytic, and B(zo; r) C 2. Then the
derivatives of F at zq satisfy

M, n!

rn

|F™(z0)| <

forn € N, where

M, == sup [[F(2)].

lz—z0l=r

4.2.2 Analyticity of the Resolvent

We can now apply the theory introduced in Section 4.2.1 to the resolvent, and use it
to derive basic properties of the spectrum.

Theorem 4.10. For a closed operator T, the resolvent set p(T) is open and the
function z +— (T — 2 Lis analytic on each connected component of p(T).

Proof For convenience in this discussion, let us write the resolvent as
R(z;T):=(T —7)~ . (4.22)

To see that T — z is invertible for z sufficiently close to an arbitrary point zg € p(7),
we first note that

(T = 2)R(zo: T) =1 — (z — 20)R(z0; T). (4.23)

The right-hand side can be inverted using the Neumann series,

Q@) =Y (z—20)"R(z0;: T)",

n=0

which defines an analytic function for |z — zo| < ||R(zo; T)|I"!. It follows from
(4.23) that

(T —2)Q()R(z0: T) = I. (4.24)
Similarly, on the domain D(7T') we have
R(zo; TY(T —2) =1 — (z —20)R(z0; T),
Applying Q(z) to this relation gives
OQ@WRzy; T)(T —2)=1 (4.25)

on D(T).
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Together, (4.24) and (4.25) imply that
Rz T) = Q)R (zo; T).

By the definition of Q(z), this yields an expansion

o0
Rz T) =) (z—z20)"R(z0: T)"H! (4.26)
n=0
for |z — zo| < [|[R(zo: T)||~". Thus R(-; T) is analytic at zg. |

Theorem 4.10 has several important corollaries. The first is a simple observation
of the relationship between the norm of the resolvent and the radius of convergence
in the expansion (4.26).

Corollary 4.11. For z € p(T),

1

J— _l _—
[ =27 = distz, o (7))

(4.27)

The inequality (4.27) proves to be quite useful in both directions. When the
spectrum is known it provides an easy bound on the resolvent. On the other hand,
if the spectrum is unknown, then estimates of the resolvent can be used to help
locate it. We will see in Section 5.3 that (4.27) becomes an equality in the case of
self-adjoint operators.

The expansion formula (4.26) also yields a relation that makes it easy to compare
the resolvent evaluated at different values if the argument.

Corollary 4.12 (First Resolvent Identity). For an operator T : D(T) — H, the
resolvents at points z, w € p(T) commute and satisfy

T-2'—T-w)'=c-w)(T -2 " (T —-w"

There is also a second resolvent identity: if D(S) = D(T) and z € p(S) N p(T),
then

S—'—T-'=6-27'S-T)(T-2"".

See Exercise 4.1 for the proof.

4.2.3 Spectral Radius

Another application of Theorem 4.10 concerns the spectral radius of an operator T,
defined by
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r(T) := sup |z|.
zeo(T)

For a self-adjoint matrix the spectral radius is equal to the norm, and we would
expect these quantities to be closely related for operators as well.

The spectral radius of a bounded operator can be estimated using the analog of a
Laurent series expansion for the resolvent. For T € L(H), replacing z by 1/z in the
Neumann series formula (4.16) gives

oo
(T -2~ "= "', (4.28)
n=0

for |z| > || T||.

Corollary 4.13. For a bounded operator T, the spectrum is not empty and the
spectral radius satisfies

r(T) = |IT|.

Proof The bound on the spectral radius follows immediately from the expansion
(4.28). To prove the first claim, suppose that o (T') is empty. This implies that (T —
z)’1 is analytic for all z € C by Theorem 4.10. For v, w € H, the function,

h(z) = (T —2)" v, w),
is then entire and satisfies h(z) — 0 as z — oo by (4.28). Therefore & = 0 by

Liouville’s theorem. Since this holds for any v, w, it implies that (7 — z)~' = 0 for
all z, which is not possible. O

The relationship between the norm of a bounded operator and its spectral radius
was made more precise by I. M. Gelfand [35].

Theorem 4.14 (Gelfand Spectral Radius Formula). For a bounded operator T,
1
r(T) = lim |T"|x.
n— oo

Furthermore, if T is bounded and self-adjoint then r(T) = ||T|.

Proof 1f T" — 7" is invertible for z € C and n € N, then T — z is also invertible,
by

(T _ Z)—l — (Tn _ Zn)—l(Tn—l + ZTn—2 4ox Zn—l)'
Therefore, if A € o(T), then A" € o(T"), and we have

A" = IT"I.
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Taking the nth root and letting n — oo show that
+(T) < liminf ||T" |7 (4.29)
n—odo

On the other hand, consider the function F(z) := (I — zT)~'. This is analytic
for near z = 0 by the Neumann series expansion (4.16), and for 0 < |z]| < r(T)™!
by the identity

F@)=—«(T-1/97".
Applying Theorem 4.9 to the disk {|z| < a} fora < r(T)~! gives the estimate
IT"| < Mea™

for n € N. In the limit n — oo this gives

. nnt -1
limsup |T"|» <a ",
n—od

foralla < r(T)~'. Hence,

limsup | T[] < r(T).

n—oo

In combination with (4.29) this proves that || 7" ||% — r(T) asn — oo.
If A € L(H) is self-adjoint, then A2 = || A% by (3.4). Iterating this result, we
see that

| 4% = nap*
for k € N. Restricting the limit in the spectral radius formula to the subsequence
n = 2* then gives r(A) = ||A]. O

For general unbounded operators, there is no analog of Corollary 4.13 or
Theorem 4.14. The spectrum of an unbounded operator could be empty, for
example. However, for a self-adjoint operator A we will see in Chapter 5 that o (A)
is not empty and that r(A) = oo if and only if A is unbounded (see Theorem 5.9).

4.3 Spectrum of Self-adjoint Operators

Certain basic properties of the spectrum of a self-adjoint matrix carry over directly
to the operator case.

Theorem 4.15. The spectrum of a self-adjoint operator is real, and eigenvectors
corresponding to distinct eigenvalues are orthogonal.
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Proof 1If A is closed, then A — z has a bounded inverse if and only if A — z
is bijective, by Theorem 3.17. Thus, for A self-adjoint and z strictly complex,
Theorem 3.29 implies that z € p(A). Hence 0 (A) C R.

Now suppose that ¢| and ¢, are eigenvectors of A, with corresponding eigenval-
ues A1, Ao. Because the eigenvalues are real,

0= (A¢1, ¢2) — (¢1, Ag2)
= (A1 — A2) (@1, ¢2).
Hence A1 # A, implies that ¢; is orthogonal to ¢». |

Another important feature of self-adjoint operators is the fact that each point in
the spectrum is an “approximate eigenvalue” in the following sense.

Theorem 4.16. Let A be a self-adjoint operator. Then z € o (A) if and only if there
exists a sequence {u,} C D(A) with ||u,|| = 1 and

lim [|(A — 2)un | = 0.
n—o0

Proof 1fz € p(A), then (A — 27! maps H onto D(A). For u € D(A) we can thus
setu = (A—z)~'v for some v € H.If |lu|| = 1, then the boundedness of (A —z)~!
gives

1< (A= Il
Hence

_ > 0@
1A = ull = 4
for all unit vectors u € D(T). Thus there cannot exist a sequence of unit vectors for
which (A — 2)u,, — O.

Now assume A € o (A). If A is an eigenvalue, then we can trivially set each u,
equal to an eigenvector. So let us assume that X is not an eigenvalue, meaning that
A — A is injective but not surjective. In this case, by Lemma 3.7 and the fact that A
is self-adjoint,

range(A — At = {0}

Hence range(A — A) is dense in H.

Since A — X is injective, there exists a linear map W : range(A—A) — D(A) such
that (A—A)W = I onrange(A—X\). Because range(A—A) is dense, the operator W is
unbounded. Otherwise W could be extended to ‘H by continuity, which would imply
A € p(A). Because W is unbounded there exists a sequence {v,} C range(A — 1)
such that ||v, || = 1 and

lim [|[W o, = oo. (4.30)
n—0o0



88 4 Spectrum and Resolvent

From the sequence {v,} we construct a sequence of unit vectors,

. Wu,
T Wl

Up

satisfying

I(A = Muy|| = :
T Wl

Then, by (4.30),
lim [|(A — Ay = O.
n—0oo

O

Results such as Theorem 4.16 are particularly useful for perturbations of an
operator whose spectrum is already known. This situation is common in physical
applications.

Example 4.17. In quantum mechanics, a Schrodinger operator on R”" is a differ-
ential operator of the form —A + V where V is a potential function acting by
multiplication. Suppose that V is a bounded, real-valued function with compact
support. Then multiplication by V defines a bounded operator, and hence —A + V
is self-adjoint on the same domain as —A, namely H?(R").

We can construct approximating sequences for o (—A + V) from plane wave
functions e'¢*, for £ € R”, which satisty

_Aeiélx — |§-|26i$‘x_

Choose v € C*°(R) with ¢(r) = 1 fort < 0 and ¥ (¢) = O for ¢t > 1. Then define
the family of cutoffs x; € CG°(R") by

xk(x) ==y (x| — k),

for k € N. For the sequence
fe) = (e,
we have
(A +V —[EP) fe = Vi = [A, xule™™,
where the commutator,

[A, xk] = Axk — Xk A,
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is a first-order differential operator. For k large, |V fi| = |V|, and we can estimate

A, xide®]®

IA

Ce vol{k < |x| < k+1)
= ok" ).

Thus
[(=a+V =P fi| = 0G"172).
Since || fi|I> > vol B(0; k), we also have
Il fill > k2.

Therefore fi /|| fr|l defines an approximate eigenfunction sequence for —A + V,
with eigenvalue |& |2). Theorem 4.16 implies that

We will refine this argument in Section 5.4, and Schrodinger operators are studied
in greater detail in Chapter 7. O

4.4 Spectral Theory of Compact Operators

We saw in Theorem 3.37 that compact operators are operator-norm limits of finite-
rank operators. It is therefore to be expected that the spectral theory of compact
operators will resemble the matrix theory. In this section we establish a number of
spectral properties for compact operators which are clear analogs of linear algebra
results.

The first step is to show that eigenspaces of a compact operator are finite-
dimensional.

Lemma 4.18. If T € L(H) is compact and A # 0, then
dimker(T — 1) < oo.

Proof Suppose that ker(T — A) is infinite-dimensional. Then there exists an
orthogonal sequence {ej}‘;-‘;l such that Te; = Ae;. If A # 0 the sequence {Ae;}
clearly has no convergent subsequence, so T is not compact. O

To analyze the resolvent (T — z)~! for z # 0, it is equivalent to study the
invertibility of / — zT for z € C. This is the immediate application that we have in
mind for the following result. However, the more general formulation, in terms of
analytic families of compact operators, proves to be quite useful.
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Theorem 4.19 (Analytic Fredholm Theorem). Let H be a separable Hilbert
space, and F : 2 — L(H) an analytic function on an open connected domain
2 C C, such that F(z) is compact for each 7 € S2. Then either:

(a) I — F(z) fails to be invertible for every z € £2; or
(b) there exists a discrete subset I' C §2 such that I — F(z) is invertible for z €
Q\I' and ker[I — F(z)] # {0} forz e I'.

Proof Let zg be a point in §2. Our first goal is to reduce the invertibility of I — F(z)
to a finite-dimensional problem near zo. By the continuity of F(-) there exists some
& > 0 such that

1
1F@) = Foll < 5

for |z — zo| < &. By Theorem 3.37, there exists a finite-rank operator R such that

1
F(z0) — R| < =.
1F(zo) = Rl < 5

Thus, by the triangle inequality,
|F(z) — Rl <1

for z € B(zp; €).
The operator

0():=1—-FZ)+R

is therefore invertible by Neumann series for z € B(zo; ). Furthermore, the fact

that F(z) is analytic implies that Q(z) ™! is analytic. We can see this by deriving the

power series coefficients for Q(z)~! from those of Q(z), just as in the scalar case.
The invertibility of Q(z) can be exploited to write

I —F(z)=0@@) —R

y 4.31)
=(I-RO() ).

Hence I — F(z) is invertible if and only if / — RQ(z)~! is invertible. Moreover,
Q(z) maps ker[I — F(z)] bijectively onto ker[/ — RQ(z)~'].
Let {ey, ..., e;} be an orthonormal basis for range(R), so that

n
Rv = Z(ej, Rv)e;.
Jj=1

Define the matrix-valued analytic function M (z) by

[M(2));j == (ei, RO()'e;).
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The determinant
D(z) :=det(I — M(z))

is analytic for z € B(zp; €). Hence either D = 0 or D has a discrete set of zeros in
this disk.

The next step is to show that D(z) = 0 precisely when I — F(z) fails to be
invertible. If D(z) = 0, then there exists a nonzero vector (ay, ..., a,) € C" such
that

n

ai =) lei RO@ej)aj. (4.32)

Jj=1

Forv:=}_, aje; this is equivalent to

v=RQ(z) .
By (4.31),

(I = F(2)Q(zx)v =0.

Hence D(z) = 0 implies ker[/ — F(z)] # {0}. If, on the other hand, D(z) # O,
then (4.32) has no nontrivial solutions. Hence I — RQ(z)~! is invertible and so is
1 — F(2).

At this stage, we have shown that the claimed result holds in a neighborhood of
each point zg € §2. The proof is completed with a standard connectivity argument.
The sets

A= {z € 2 : I — F(-) is not invertible in a neighborhood ofz}

and

B = {z € §2 : I — F(-) is invertible in a neighborhood of z
minus a discrete set}
are open and disjoint by definition, and we have shown that £2 = A U B. Since £2
is connected, this implies that either 2 = A or £2 = B. ]

As a corollary of the analytic Fredholm theorem, we obtain the following
characterization of the spectrum of a compact operator.

Theorem 4.20 (Riesz-Schauder Theorem). For a compact operator T on a
separable Hilbert space H, all elements of o(T)\{0} are eigenvalues of finite
multiplicity, and o (T) has no limit point other than possibly 0.
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Proof Clearly I —zT is invertible at z = 0, so applying Theorem 4.19 with F(z) =
zT shows that there exists a discrete subset I" C C such that I — zT is invertible on
C\I" and ker(1 — zT) # {0} for z in I". From the relation

[ —zT = —z(T —z7 Y,

it follows that the points of o (7)\{0} are the reciprocals of the points in I", and that
each of these is an eigenvalue. The multiplicities of these eigenvalues are finite by
Lemma 4.18. |

4.4.1 Spectral Theorem for Compact Self-adjoint Operators

Theorem 4.20 does not guarantee the existence of eigenvalues. Although we know
that the spectrum of a compact operator is nonempty, by Corollary 4.13, it is possible
that the spectrum equals {0} and that zero is not an eigenvalue. For example, given
an orthonormal basis {ex}, consider the modified shift operator

Ter, = —ery1.
k +

If the compact operator is self-adjoint, however, its spectral theory closely resembles
the matrix case.

Theorem 4.21 (Hilbert-Schmidt theorem). Let A be a compact self-adjoint
operator on a separable Hilbert space H. There exists an orthonormal basis {¢y}
for H, such that

Adr = A Pr
for A € R, with Ay — 0as k — oo.

Proof For each eigenvalue of A, choose an orthonormal basis for the corresponding
eigenspace. By Theorem 4.15 and the separability of H, the collection of these basis
elements forms a (possibly finite) orthonormal sequence {¢y}. If there are infinitely
many eigenfunctions, then the fact that the eigenvalues converge to zero follows
from Theorem 4.20.

Let W be the closure of the span of {¢,}. It is easy to check that since A
preserves W and is self-adjoint, it also preserves W=, The restriction of A to W+
thus defines a new operator A |, which is also compact and self-adjoint. Moreover,
A has no eigenvectors, because the eigenvectors of A were all included in W.
By Theorem 4.20 we conclude that A has spectral radius r(A;) = 0, and it
then follows from Theorem 4.14 that A, = 0. This implies also that W+ = {0},
because any nonzero element of YW would be an eigenvector of A with eigenvalue
0. Therefore YW = H, implying that {¢,} is a basis. O

Theorem 4.21 is a special case of the more general spectral theorem to be proven
in Chapter 5. For computations or estimation of the eigenvalues of a compact
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operator, we can adapt yet another basic principle from the matrix case. (See
Section 5.4.3 for a more general operator version.)

Theorem 4.22 (Max-Min Principle for Compact Operators). Suppose that A
is a self-adjoint compact operator on a separable Hilbert space H. If the positive
eigenvalues of A are listed in decreasing order as A1 > Ay > ..., then

A = (u, Au) }

max § min ————
WeA, |ueW\{0} |lul|
where Ay denotes the set of subspaces of H of dimension k.

Proof Let {¢r} denote the orthonormal basis vectors corresponding to the eigen-
values {At}. For u € span{¢y, ..., ¢}, the basis expansion implies that

k
(u, Au) =y "l ¢))1
j=1

2
> Aicllull
(because the eigenvalues are decreasing). Therefore

. (u, Au)
min 5 =
uespan{gy,...¢I\0} [|u|

On the other hand, for an arbitrary W € A, W N span{¢y, ..., ¢r— 1}J- has
dimension at least 1. Therefore we can choose a nonzero vector w € W N
span{¢1, ..., ¢r—1)*. The fact that w € span{¢q, ..., dr_1}* implies that w is
a combination of eigenvectors with eigenvalues less than or equal to Ax. Thus

(w, Aw) < Agllwl)?,
implying that

(u, Au)

min ——— < Ag.
uew\{0}  [lu||?

4.4.2 Hilbert-Schmidt Operators

Suppose that A is a compact self-adjoint operator on L?(£2), where £2 is an open
subset of R”. In Section 3.5, we introduced the notion of a Hilbert—Schmidt operator,
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which can be represented with an L? integral kernel. In terms of the eigenvalues and
eigenvectors given by Theorem 4.21, this kernel has the form,

K(x,y) =Y ()i (), (4.33)

k=1

which converges in L?(§2 x £2). For certain applications, it is useful to be able to
strengthen the convergence of (4.33) to uniform convergence by placing additional
assumptions on A and K.

Theorem 4.23 (Mercer’s Theorem). Suppose 2 C R" is a bounded domain and
A is a positive Hilbert—Schmidt operator on L*(82). If the integral kernel K (-, -) is
continuous on §2 x S2, then the eigenfunction ¢y is continuous on §2 if .y > 0, and
the expansion (4.33) converges uniformly on compact sets.

Proof Note that it suffices to assume that A; > O for all k, since terms with Ay = 0
do not affect the sum (4.33). By the definition of K and the eigenvalue equation,

1
B = / K (x. ) (y) dy. 434)
k JQ

Since §2 is bounded, the eigenfunction ¢y is also in L (£2), by Fubini’s theorem.
Therefore the continuity of ¢y follows from (4.34) by the dominated convergence
theorem.

We claim that the positivity of A implies that K (x, x) > 0 for all x € £2. To see
this, note that if K (xg, xo) < 0 for some xo € 2, then by continuity K (-, -) < 0O on
U x U for some neighborhood U of xq. This would imply

{(xv.Axuv) <0,

contradicting the positivity of A.
For N € N, let us define the partial sum

N
KNG, y) =Y ()i (y),

k=1

with the remainder Ry(x,y) = K(x,y) — Ky(x,y). Both Ky and Ry are
continuous. From the L2 expansion,

e¢]

RNGxe,y) = D () (),

k=N+1

we can see that Ry (x, y) is the kernel of a positive operator. Therefore Ry (x, x) >
0, by the same reasoning applied to K.
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We conclude that Ky (x, x) < K(x, x) for all N, which then implies

D Ml < K(x, x). (4.35)

k=1

Dini’s theorem from real analysis (see, e.g., Rudin [77, Thm. 7.13]) says that if a
monotonic sequence of continuous functions on a compact set converges pointwise
to a continuous function, then the convergence is uniform. Therefore, the bound
(4.35) implies that ) Ag|dk (x)]? converges uniformly on compact sets.

To extend this result off the diagonal, note that the Cauchy—Schwarz inequality
gives

my 2 my my
D Mt )EG)| < Y Ml D Aelgr (I
k=m1 k=m1 k=m
Hence, the series
> k()i (y)
k=1

converges uniformly on compact sets. The limit is continuous, and therefore equal
to K because (4.33) holds in the L2 sense. |

4.4.3 Traces

Suppose that A is a compact self-adjoint operator on a separable Hilbert space H.
By Theorem 4.21 there exists an orthonormal basis {¢} consisting of eigenvectors
such that the corresponding eigenvalues {A;} are discrete with Ay — 0. The operator
A is said to be trace-class if

> Il < oo,

k

in which case we define
o0
rA:=Y . (4.36)
k=1

A compact operator 7 is Hilbert—Schmidt if and only if T7*T is trace-class, and the
abstract Hilbert—Schmidt norm introduced in Section 3.5 can be computed as

T} = tr T*T.
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In many spectral theory applications, the compact operator is given by an integral
kernel, and it is particularly useful to be able to express the trace as an integral over
this kernel.

Theorem 4.24. Suppose 2 C R" is a bounded domain. If A is a positive Hilbert—
Schmidt operator on Lz(.Q), with continuous kernel K (-, ), then

trA =/ K (x, x)dx,
2

where A is trace-class if and only if the integral is finite.

Proof Let {A;} and {¢} denote the eigenvalues and eigenfunctions of A. Since
Ak > 0, the monotone convergence theorem implies that

Z)»k=/ D Ml (o)l dx.
k=1 52 k=1

If K is continuous, it then follows from Mercer’s theorem (Theorem 4.23) that

o
Z)‘k:/ K(x,x)dx.
k=1 $2

4.5 Exercises

4.1. Prove the second resolvent identity: If S and T are operators with D(S) =
D(T), then for z € p(S) N p(T),

-2 -T-27'=E-27'-HT -27".
4.2, Using the definition (4.17) for the derivative of an operator-valued function,

prove that, for z € p(T),

n

FET (T—2)" ' =nl(T —2)".

4.3. Let A be a closed operator on ‘H and suppose z € p(A). If B is a bounded
operator, prove that z € p(A + B) for || B| sufficiently small.
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4.4. Let {et};2, be an orthonormal basis for #, and define the shift operator T' by
Tep = epq

fork e N.

(a) Show that T has no eigenvalues.

(b) Determine the eigenvalues of T*.

(c) Compute o (T).

4.5. Let U be a unitary operator on a Hilbert space H. Prove that the spectrum of
U is contained in the unit circle.

4.6. Prove that the spectrum of a positive self-adjoint operator A satisfies o (A) C
[0, 00).

4.7. Suppose that g(x) is a polynomial.
(a) For T € L(H), prove that
o(q(T)) = q(o(T)).

(b) For a self-adjoint operator A € L(H), prove that

llg(A)ll = sup |g(A)].

reo(A)

4.8. (Continuous Functional Calculus) Assume that A € L(H) is self-adjoint and
f € Co(A)).

(a) By the Stone—Weierstrass theorem, there exists a sequence of polynomials

{pn(x)} such that p, — f uniformly on o (A). Use Exercise 4.7 to show that
the limit

f(A) = lim p,(A)
n—odo
exists (with respect to the operator norm) and is independent of the choice of

polynomials.
(b) Prove that

ILf (A= 1 flloo-

(c) Prove that

o (f(A)) = f(a(A)).
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4.9. Suppose that A is a symmetric operator on H and that A has an orthonormal
basis {¢y}7> | with ¢, € D(A) and

Adp = Micdr
for A € R.

(a) Prove that A is essentially self-adjoint.
(b) Show that o (A) is the closure of {Ag}.

4.10. On LZ(O, 1), consider the Volterra operator

Tf(x) = /0 F@) dt.

(a) Show that T is a Hilbert—Schmidt integral operator and therefore compact.
(b) Show that o(T) = {0}.

(c) Compute T* explicitly.

(d) Find the eigenvalues of T*T and use this to determine || T

4.11. Suppose that the operator T has compact resolvent, which means that (T —
z0)"Lis compact for some zg € p(T).

(a) Prove that (T — z)~! is compact for all z € p(T).
(b) Prove that o (T) is discrete as a subset of C.

4.12. For a closed operator T and ¢ > 0, the e-pseudospectrum of T is defined as
Z(T):=0(T)UlzepT: (T -7 > 1/¢}.
Prove that

Z(T) = U o@+5).
BeL(H): ||Bll<e

Notes

The basic definitions of resolvent and spectrum extend to the case of bounded
operators on Banach spaces and play an important role in the theory of C*-
algebras. Many properties that we have proven for operators on Hilbert spaces,
such as analyticity of the resolvent and the spectral radius formula, extend to the
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Banach space context. Our discussion of these topics draws inspiration from Reed
and Simon [69, §VI.3], but the details are simplified for Hilbert space operators.
Additional background on the spectrum of operators on Banach spaces can be found
in many texts; see, e.g., Arveson [3, Chapter 1], MacCluer [60, Chapter 5], or Simon
[83, Chapter 2].

Our approach to the spectral theory of compact operators, based on the analytic
Fredholm theorem, follows Reed and Simon [69, §VI.5]. Another standard method
is to first show that a compact self-adjoint operator A has either £||A| as an
eigenvalue, and then argue inductively. See, e.g., Stein and Shakarchi [87, §4.6]
or MacCluer [60, §4.3].



Chapter 5 )
The Spectral Theorem e

The first spectral theorem for matrices was proven by Augustin-Louis Cauchy,
who established that a real symmetric is diagonalizable in 1826. Charles Hermite
extended this result in 1855, proving that a complex self-adjoint n X n matrix
has n real eigenvalues, and there exists an orthonormal basis for C" consisting of
eigenvectors. The Hilbert—Schmidt theorem (Theorem 4.21) shows that compact
self-adjoint operators are diagonalizable in the same sense.

In the theory of operators, the role of diagonal matrices is played by multipli-
cation operators of the type discussed in Example 3.2. The operator version of
the spectral theorem says that a self-adjoint operator is unitarily equivalent to a
multiplication operator. This was established independently by Marshall Stone and
John von Neumann in the early 1930s. Their development of the spectral theorem
was motivated by quantum mechanics, where self-adjoint operators play a central
role as the representations of physical observables such as position, momentum, and
energy.

We have already seen a special case of the operator spectral theorem in Exam-
ple 3.23, where we noted that the Fourier transform on R” conjugates the Laplacian
to multiplication by |&|%. To illustrate the difference between the multiplication
operator form of the spectral theorem and the matrix version, let us consider the
case of a diagonal operator.

Example 5.1. Suppose that A is a self-adjoint operator on H, with an orthonormal
basis of eigenvectors {¢,} such that A¢,, = X,¢, for A, € R. Assume furthermore
that the eigenvalues X, are distinct. To express A as a multiplication operator, we
define the measure

=y 8, (5.1)
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where §, denotes the point measure at x € R. The unitary map Q : Lz(]R, dun) - H
defined by

Of ==Y fOu)n (5.2)

conjugates A to a simple multiplication operator,
07 'A0 = M,. (5.3)

Note that if we applied the same construction to an eigenvalue A with multiplicity
m, the corresponding term in (5.1) would be mS§,. This changes the normalization
of the measure, requiring some adjustment to (5.2) to make Q unitary, but it does
not affect the multiplicity of A as an eigenvalue of M,. To accommodate higher
multiplicities in this construction, we would need to take multiple copies of R. ¢

The spectral theorem can be extended from the self-adjoint case to the class
of normal operators, i.e., bounded operators which commute with their adjoints.
In fact, the extension to normal operators could be derived as a special case of a
joint spectral theorem for commuting families of bounded operators. We will limit
our attention to the unbounded self-adjoint case in this chapter, because that is the
relevant context for all of the applications discussed later in the book. Our approach
to the proof involves exploiting the connection between self-adjoint and unitary
operators, a trick due to von Neumann.

5.1 Unitary Operators

In operator theory, the term “functional calculus” refers to the ability to apply a
function to an operator. One possible construction of the continuous functional
calculus for bounded self-adjoint operators was developed in Exercises 4.7 and 4.8,
based on polynomial approximations.

In this section we will give a derivation of the functional calculus for unitary
operators based on Fourier series, and use it to prove a spectral theorem. Recall
from (3.6) that a map U € L(7) is unitary if and only if

UU =UU" = 1.

This formula suggests that the spectrum of a unitary operator should be a subset of
the unit circle S := {|z| = 1} C C, which is indeed the case (see Exercise 4.5).
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5.1.1 Continuous Functional Calculus

Our first goal is to define f(U) for U unitary and f a continuous function S — C.
If f has a convergent expansion with respect to the Fourier basis {¢/%?}, then we can
define f(U) by replacing ¢/*? in the series with U*. This will provide the first step
in our construction.

For a function f € LY(S), define the discrete Fourier coefficients,

1

2
fk) == > fo e ™ qao (5.4)

fork € Z.If f € C°°(S), then repeated integration by parts gives the estimate
f)y=0(1+1kD™) (5.5)

for all n € N. In this case, we define f(U) for U € L(H) unitary by the convergent
series

fW) =" fiu*. (5.6)

keZ

To extend this definition to continuous functions, the crucial fact to establish is
the positivity of f(U) when f > 0. This will allow us to control the convergence
fn(U) — f(U) in the operator topology, assuming that the sequence {f,} C
C°°(S) converges uniformly to f. Recall from Section 3.4 that an operator A is
positive (A > 0) if

(v, Av) = 0, (5.7)

for all v € D(A).

Theorem 5.2 (Continuous Functional Calculus for Unitary Operators). Sup-
pose U € L(H) is unitary. The map f +— f(U) defined by (5.6) extends uniquely
to a continuous map C(S) — L(H) with the following properties:

(@ fU)* = fU).

() fWU)eW) = (fg)U).
() If f =0, then f(U) = 0.
@ 1f @I = suplfi.

Proof We first establish the properties in the smooth case, f € C*(S). Since
U* = U™, taking the adjoint of (5.6) gives

Oy =3 Fou. (5.8)

keZ
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By the definition of the coefficients (5.4),

FU) = F(—h),

so (5.8) proves (a) for f € C(S). For f,g € C*(S), property (b) follows
immediately from the convolution formula
feto =Y fatk—1.

leZ

To prove (c) in the case f € C*°(S), f > 0, consider the function

he(z) =+ f@)+e

for ¢ > 0. This is smooth, so A (U) is defined by (5.6) and self-adjoint by (a).
Furthermore,

he(U)? = f(U) +e
by (b). For v € H, we thus have

(v, FWU)V) = v, (he(U)?* — &)v)
= [lhe (U)v]|* — g|lv]|?

2
> —¢vll”.

Taking ¢ — 0 yields (v, f(U)v) > 0.
Property (d) is a simple consequence of (¢). If f € C*°(S) and M := sup|f],
then M? — | f|?> > 0. Hence, by (c),

(v, M? = | FPWU))v) = 0.
Since (v, | f12(U)v) = || f(U)v|? by (a) and (b), we deduce that
I F W)l = Mv].

This completes the proof of (a)—(d) in the smooth case. The extension to C(S)
is now straightforward. By the Weierstrass approximation theorem, C*°(S) is dense
in C(S) with respect to the sup norm. Given f € C(S), choose a sequence { f,} C
C°°(S) such that f, — f uniformly on S. The corresponding operator sequence
{f:(U)} is Cauchy in L(#) by (d), and therefore we can define f(U) := lim f,,(U).
It is easy to check that f(U) is independent of the choice of {f,}, and that the
properties (a)—(d) are preserved in the limit. |
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5.1.2 Spectral Measures

The connection between the continuous functional calculus of Theorem 5.2 and the
multiplication operator form of the spectral theorem is provided by a fundamental
result from measure theory. We will use the functional calculus itself to construct
the measure, by considering functionals C(S) — C of the form

f e (v, fU)), (5.9)

for v € H. By property (c) of Theorem 5.2, this functional is positive in the sense
that f > 0 implies

(v, f(U)v) = 0.

A positive functional on C(S) yields a Borel measure on S, by the following:

Theorem 5.3 (Riesz Representation Theorem). Let X be a compact metric
space. Given a positive linear functional B : C(X) — C, there exists a unique
Borel measure i1 on X such that

ﬂ(f)=f fdu
X

for f € C(X).

We will only sketch the proof of Riesz representation here; the details are
reviewed in Appendix A.1.6. Given a positive functional 8, we define the measure
of an open subset £2 C X by

1o(2) =sup {B(f): f€C(X), 0= f =<1 suppfC 82}
The measure of a Borel set A C X is then given by
w(A) = inf{uo(.Q) A C 2 with 2 open}.

Let U € L(H) be unitary. For v € H, Theorem 5.2(c) implies that linear
functional (5.9) is positive on C(S). By Theorem 5.3, there is an associated Borel
measure [, on S such that

(v, f(U)V) = /Sfd,uv- (5.10)

This is called the spectral measure associated with v.

Lemma 5.4. Given U and v as above, the map W, : f +— f(U)v has a unique
continuous extension to an isometry

Wy : L3S, dpy) — H,



106 5 The Spectral Theorem

such that

UWy[f ()] = Wolzf (2)]. (5.11)

Proof Let f, g € C(S). By the definition of W, and Theorem 5.2,

(Wy f, Wyg) = (f(U)v, g(U)v)
= (v, f(U)*g(U)v)
= (v, fg(U)v).

Thus, by the definition (5.10),

(Wy f, Wyg) =/S7g dity
=(f, &) 12s.duy)-

It follows easily from the Riesz construction that C(S) is dense in L2(S, duy); see
Lemma A.11. Since W, preserves the inner product for functions in C (S), it follows
that W), has a unique continuous extension to an isometry LZ(S, duy) > H.

The identity (5.11) follows from the fact that (zf)(U) = Uf(U) by Theo-
rem 5.2(b). |

5.1.3 Spectral Theorem for Unitary Operators

The construction of spectral measures leads us directly to the proof of the spectral
theorem in the unitary case. To set up the statement, let us recall some basic features
of multiplication operators from Example 3.5 and Section 4.1.2. Let (X, M, p) be a
o -finite measure space. For a multiplication operator M y acting on L*(X, du) with

DMy) = |u e L*(X,dp) : fu e L*(X,dw)},

the adjoint is given by M;‘Z = M-~ on the same domain D(M;‘Z) = D(My). Thus,
M ¢ is unitary if and only if | | = 1 almost everywhere with respect to .

For v € H itis clear from (5.6) that the range of the map W, from Lemma 5.4 is
the space

H, = span{U"v, ke Z}.

It is possible that H,, = H, in which case the unitary form of the spectral theorem
is already proven by Lemma 5.4. If H, does not cover all of H, we can iterate the
construction to obtain the following:



5.2 The Main Theorem 107

Theorem 5.5 (Spectral Theorem for Unitary Operators). Suppose H is a
separable Hilbert space and U € L(H) is unitary. Then there exists a measure
space (Y, v), defined as

(Y, v) = U(S, ),
where {v} is a sequence of finite measures, and a unitary map
W LY, dv) — H
such that
woluw = m,, (5.12)

where 1(2) := z on each copy of S.

Proof Let {w;} be a countable dense subset of H. Applying Lemma 5.4 to the
vector w; gives a measure v; and an isomorphism

Wy L3S, dvy) — H;.

If H; = H, then this completes the proof. Otherwise, note that U preserves Hj by
definition, and by unitarity U also preserves Hll.

Next pick the first j such that w; ¢ Hj, and let v, be the orthogonal projection
of this w; into Hll. Applying Lemma 5.4 to v, yields a measure 7 and an isometry
W, with range H>. Then, either H @ H, = H, or else we take the first w; ¢ H1 @ H;
and use this to define v3 € (H; ® Hy)+* by orthogonal projection.

Continuing this process yields a sequence {v} (possibly finite) such that w; €
@ Hy for all j. It follows that

‘H = Dy Hy.

(See Section 2.4 for the definition of a countable direct sum.) For the measure space
(Y, v) := U (S, v), there is a corresponding decomposition

L2(Y, dv) = @ LS, dvy).

We thus have a unitary map W : L>(Y,dv) — #H given by @;W;. The relation
(5.12) follows from (5.11). |

5.2 The Main Theorem

We are now prepared to state and prove the spectral theorem for self-adjoint
operators by means of the unitary version.
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Theorem 5.6 (Spectral Theorem—Multiplication Operator Form). Suppose A
is a self-adjoint operator on a separable Hilbert space H. There exists a countable
collection of finite Borel measures {ju;} on R and a unitary map Q : L*(X, 1) —
H, with (X, u) = Ug (R, ug), such that

07 'A0 =M,
and
D(A) = QD(My),

where a : X — R is given by a(x) := x on each copy of R.

Note that the unitary equivalence of A with M, implies, by Theorem 4.5, that
o0 (A) = ess-range(w),

where the essential range is defined with respect to . This means that the measures
1k have support within o (A).

The remainder of this section is devoted to the proof of Theorem 5.6. For
bounded self-adjoint operators, it is possible to give a proof analogous to that
of Theorem 5.5, by developing the continuous functional calculus directly as in
Exercise 4.8. The advantage of the unitary operator approach is that it allows us to
treat bounded and unbounded self-adjoint operators on an equal footing.

The association between self-adjoint and unitary operators is inspired by the
Cayley transformation

X —1
x4+

y(x) == : (5.13)

which maps the real line to the unit circle S C C.

Lemma 5.7 (Cayley Transform). If A is self-adjoint, then
U:=1-2i(A+i)"!

is unitary.

Proof By Theorem 4.4 and the fact that A is self-adjoint,
[(A+)T' T =@a-n7".
Therefore,
U=1+2i(A—i)"",

and U commutes with U* because (A — i)~ ! and (4 4 i)~! commute.
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To complete the proof, note that
UU =T +2i(A—D)" —2i(A+ )7 +4A - "A+)7"
By the first resolvent formula (Corollary 4.12),
2iA—)' =2 A+ D) +4A - A+ D) =0.

Therefore U*U = I, and so U is unitary. m]

The Cayley transform allows many results to be translated between the unitary
and self-adjoint cases. In particular, we will now use it to show that the spectral
theorem for self-adjoint operators follows from Theorem 5.5.

Proof of Theorem 5.6 Given A self-adjoint, let U by the corresponding unitary
operator defined by the Cayley transform. From Theorem 5.5 we obtain the
decomposition H = @ Hj, with a corresponding sequence of finite measures v
on S and unitary maps W : L2(S, vi) — Hg, such that

wWolUW = M, (5.14)

where z is the complex coordinate on S.

The operator I — U = 2i(A + i)~! is injective on . Hence M _ is injective
on each component of L2(S, vt), by (5.14). It follows that v {1} = 0 for each k. We
can therefore use the inverse Cayley map,

1+z
1—7

n) =i

to define the push-forward of v to a finite Borel measure on R,
Ik i= T« V.
There is a corresponding unitary map ¥ : L>(R, dux) — LS, dvy) given by the
pullback ¢ +— ¢ o 1.
Let (X, u) = Ur(R, ur), and define the unitary map
0:L*X,dp) > H

by O = &, Ok where

Ok == Wi : L*(R, dyy) — Hy.

On X we define the coordinate function o : X — R which is given by o (x) = x
on each copy of R indexed by k.
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To prove that Q(D(M,)) C D(A), it suffices to consider each copy of R
separately. Suppose that f € D(M,) C L*(R, duy). This implies in particular
that g(x) := (x + i) f (x) lies in L>(R, duy). Applying the Cayley pullback gives
[Yigl(z) = n(2) + i) f on(2)
2i
= fonG.
-z
Therefore, by (5.14),
(I —U)Qkg =2i0kf.

This means that
Ocf = A+ g,
which shows that Q f € D(A). The same argument applies for any k, hence
Q(D(My)) C D(A).
Now suppose that v € Hr N D(A), and set w := (A + i)v. From
v=(A+D""w= %(1 —U)w

and (5.14) we derive that

Therefore
—1 1 -1 —1
Mka UZZ—ilI/k Mn(z)Ml—sz w
1 -1 —1
= S0 MW (5.15)
1 -1
=300 A+ Uw.

It follows that M, Q;]v € L*(R,duy), hence v € Qx(D(M,)). Applying this
argument to each component gives

D(A) C Q(D(My)),

completing the proof that Q(D(M,)) = D(A).
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Finally, from (5.15) we deduce that on D(A),

OM,Q ' = %(1 +U)A+10)
= A.

O

Since multiplicity problem makes the notation used in the proof of the spectral
theorem a bit confusing, let us illustrate the construction in a simple case with trivial
multiplicity.

Example 5.8. Consider the operator A = M, on L?(R). The Cayley transform of
Ais U = My (x), where y was defined in (5.13). This operator admits a cyclic unit
vector v € L*(R) given by

v(x) = —

1
Jrx+i
Given f € C(S), we have

T

d
x2+1 *

(v, FU) = /R Fra)
2 ) d@

_ igy 27

= [ s 5

In this case the measure produced by Theorem 5.5 is the standard circle measure
dv = df /2. The unitary map W : L3(S, dv) — H is defined by f — f(U)v,
and so is given by

[(Wflx) = f(y(x)v(x).
The measure © = n,v, where 7 is the inverse Cayley map, is given by

1 dx
dp = — )
H Tx2+1

The corresponding unitary map ¥ : L2(R,du) — LS, dv) is the pullback ¥ :
¢ — ¢ on. Thus Q := WV is given simply by

Q = Mva
which is unitary as a map L?>(R,dp) — L2(R). As one might expect, since

we started from a multiplication operator, the conjugation of A by Q is trivial,
Q~'M.Q = M.. 0



112 5 The Spectral Theorem
5.3 Functional Calculus

We have already made use of a continuous form of the functional calculus for
unitary operators in Section 5.1. One of the principal applications of Theorem 5.6
is a functional calculus for self-adjoint operators which includes the broader class
of Borel functions. We can use it, for example, to define projections that isolate
different parts of the spectrum. There are many applications for the functional
calculus in PDE theory, in creating solution operators for equations. For example,
the heat operator ¢/® maps initial data to a solution of the heat equation on R”".

The functional calculus developed in this section and the multiplication operator
form of the spectral theorem stated in Theorem 5.6 are essentially equivalent. At
least in the bounded case, one can quickly derive the multiplication operator form
from the functional calculus by means of the Riesz representation theorem on R. The
corresponding argument for unbounded operators is less direct, however, which is
why we have taken the multiplication operator form as the primary version of the
spectral theorem.

The Borel functions on R are the complex-valued functions for which the
preimage of a Borel set is a Borel set. (See Appendix A.1 for background measure
theory definitions.) By the definition of measurability, if g : X — R is measurable
and f : R — C is Borel, then the composition f o g is measurable.

Let By (R) denote the space of bounded Borel functions R — C. Given a self-
adjoint operator A on H and f € By (R), we define the bounded operator

f(A) = QMo Q7 (5.16)

where Q : L?>(X,du) — H and « : X — R are defined as in Theorem 5.6.

Theorem 5.9 (Functional Calculus). For a self-adjoint operator A, the map
By(R) — L(H) defined by f — f(A) has the following properties:

(a) The map is a *-homomorphism, meaning
f8(A) = f(A)g(A), f(A)" = f(A).

(b) For f € By(R),

If(AI = sup [f(M], (5.17)

rea(A)

with equality if f is continuous.
©) If fn — f pointwise and sup | f,| < M for all n, then f,(A) — f(A) in the
strong operator sense, i.e., f,(A)v — f(A)v forallv € H.

Moreover, (5.16) gives the unique map By, (R) — L(H) satisfying these conditions.
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Proof Property (a) follows directly from the corresponding results for multiplica-
tion operators, by means of the equivalence (5.16). The adjoint property was covered
in Exercise 3.12.

In Theorem 4.5 we proved that the spectrum of the multiplication operator M, is
the essential range of «. Therefore, (5.16) implies that

o (A) = ess-range(«), o(f(A)) = ess-range(f o @). (5.18)
The second identify implies that

IF (AN = 1If olleo,

where the L°° norm is defined with respect to . Moreover, by the first identity in
(5.18), the complement of & ~! (6 (A)) in X has measure zero, implying that

lfoalleo < sup |f(A).
reo(A)

This proves the inequality (5.17).
To prove the second claim in (b), suppose that f is continuous. For A € o(A),
(5.18) implies that
plxeX: A—8<a(x) <r+38}>0 (5.19)

for all § > 0. Since the preimage under f of an open neighborhood of f(A) is open,
(5.19) implies that

pfreX: f)—e< foax) < fA)+e}>0
for & > 0. Hence, f()) € 0ess(f o @). This shows that
f(o(A) Co(f(A)),
which gives

sup |f(M)] = [1f (Al

A€o (A)

when f is continuous.
For (c), under the assumption that f,, — f pointwise with sup |f,| < M, the
dominated convergence theorem implies that

lim |[(fyoa = o] =0

for each v € L?(X, du). By (5.16) this implies that f,(A)v — f(A)v.
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The final step is to establish uniqueness. Let By, (R) denote the space of bounded
Borel functions, and suppose that @; and @; are maps B, (R) — L(#H) with the
properties listed in the theorem. These maps agree on linear combinations of the
form ) j¢jhz;, with z; strictly complex, by property (c). The Stone-Weierstrass
theorem shows that the span of such linear combinations is dense, with respect to
Il 0, in the space of bounded continuous functions Cp(R). Hence @ and @; agree
on C,(R) by (b).

Now set

A={f € ByR) : 21(f) = P2(f)},

which is an algebra of functions by (a) and the linearity of the @ ;. Furthermore,
A is an algebra and closed under pointwise limits of uniformly bounded functions.
The characteristic function of a closed interval can be realized as a pointwise limit
of bounded continuous functions. Hence x; € A for a closed interval I C R.

The collection of supports of functions in A forms a o -algebra, and since this o -
algebra contains all closed intervals it also contains all Borel sets. Thus A contains
all simple Borel functions. Since every Borel function f is a pointwise limit of
simple Borel functions f;, with | f,,| < | f], it follows that A = By (R). O

One immediate consequence of part (b) of Theorem 5.9 is the fact that the
resolvent estimate of Corollary 4.11 becomes, for A self-adjoint, the equality

1

dist(z, o (A))" (5-20)

Jca-271 =

This relation can be quite helpful in locating the spectrum. For z € C, suppose that
we can find a unit vector u € D(A) such that

(A —2ull <e.

This implies that ||(A — z)~!|| > 1/e, and therefore by (4.27) there exists a point
A€o (A) with |L —z| <e.

One potential problem with the construction of the functional calculus given
here is the fact that measure space (X, i) provided by the spectral theorem is not
specified explicitly (and not even uniquely defined). It is therefore very useful to
express the functional calculus in terms of the resolvent, without reference to the
auxiliary measure space.

Theorem 5.10. Suppose A is self-adjoint and f € Cp(R). Then
1 o0
f(A) = lim —/ f(,\)[(A ——ie) —(A—r+ ie)—‘] dn, (521
e—>02mi J_o

with the limit taken in the strong operator sense. If f is uniformly continuous, then
the limit ¢ — 0 exists in the operator-norm topology.
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Proof By the functional calculus, the operator on the right-hand side of (5.21) is
given by f;(A), where

1 1 1
fel®) ':%/_oof(k)[x—k—is _x—/\+is}‘”
_E [T fW)
_n/_oo (x—)u)z—i—szd)h

Subtracting this from f(x) and making the change of variables x = A — et give

L% @) = fen)
O e w (5.22)

Since f is continuous, f; — f pointwise as ¢ — 0, by the dominated convergence
theorem. Furthermore, || fzllco < |l fllc SO the strong operator limit in (5.21)
follows from Theorem 5.9(c).

If f is uniformly continuous, then it is clear from (5.22) that f; — f uniformly.
In this case, operator-norm convergence follows from Theorem 5.9(b). O

5.4 Spectral Decomposition

In this section we will discuss various decompositions of the spectrum of a self-
adjoint operator A. We have already defined one important subset, the point
spectrum op(A) consisting of the eigenvalues.

To identify other components of the spectrum, we can use the functional calculus
to create projections. To each Borel subset E C R, we associate an orthogonal
projection

g == xe(A),

as defined by Theorem 5.9. This yields a family of projections, collectively
denoted by I1, called the spectral resolution of A. The following result shows the
relationship between the spectrum and the support of 7.

Theorem 5.11. For a self-adjoint operator A, the point A € R lies in o (A) if and
only if IT—¢ 54¢) # 0 forall e > 0. If Iy # 0, then A is an eigenvalue and the
range of Il is the corresponding eigenspace.

Proof Define the measure space (X, ), the unitary map Q : L*(X,du) — H,
and @ (x) := x as in Theorem 5.6. For E C R,

ITg = Q_IXorl{E}Q-

Therefore ITg # 0 if and only if uf{e € E} > 0, and the first claim follows from
the fact that o (A) is the essential range of «, by Theorem 4.5.



116 5 The Spectral Theorem

If ¢ € range([1yy)), then Q_lqb has support on & = A. Thus on_1¢ = AQ‘1¢,
which implies that A¢p = A¢. O

5.4.1 Discrete and Essential Spectrum

Our first subdivision of the spectrum takes into account the rank of the spectral
projection I near a point.

Definition 5.12. For a self-adjoint operator A, the essential spectrum oess(A) is the
set of A € o (A) such that IT3_; ) ¢) has infinite rank for all ¢ > 0. The discrete
spectrum ogisc(A) consists of A € o (A) for which IT; _¢ j4¢) has finite rank for
some € > 0.

Note that the definitions are complementary, so that
0 (A) = 0disc(A) U 0ess(A) (5.23)

is a disjoint union. The discrete spectrum is clearly a subset of the point spectrum.
The difference between them is that an eigenvalue may have infinite multiplicity, or
otherwise lie within the essential spectrum. Such eigenvalues are considered point
but not discrete spectrum.

We saw in Theorem 4.16 that elements of the spectrum are approximate
eigenvalues in the sense that there exists a sequence of unit vectors u, such that
(A — Mu, — 0. We can describe the essential spectrum in a similar way by adding
an extra requirement that u, — 0 in the weak sense. Note that this condition is
satisfied in particular if {u,} is orthonormal, by Exercise 2.7.

Theorem 5.13 (Weyl’s Criterion). Suppose A is a self-adjoint on a Hilbert space
H. A point z € C lies in 0ess(A) if and only if there exists a sequence {u,} C D(A)
with ||u,|| = 1, such that u,, — 0 in the weak sense and

lim [|(A — z)u, || = 0.
n—o00

Proof We already know from Theorem 4.16 that no such sequence exists for
z € p(A), soitsuffices to consider A € 0 (A). If A € gess(A), then range H(x—%,x+%)
is infinite-dimensional for all n. Hence, for each n we can choose a unit vector
u, € range H()L—%,M—%) which is orthogonal to uy,...,u,—1. An orthonormal
sequence converges weakly to 0, by Exercise 2.7. Furthermore, the fact that u, €

range H(;L_l ah implies

1
(A =Dunp| < —.
n

Hence (A — Mu,, — 0.
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Now suppose A € ogisc(A) and choose & > 0 so that [T 5+¢) has finite rank.
Let {eq, ..., ex} be a basis for range I1(3—¢, »+¢), SO that

k

I—epteyu = Z<”’ ejle;.
Jj=1

Let {u,,} be a sequence in D(A) with |lu, | = 1. If u,, — 0 weakly, then in particular

lim (u,,e;) =0
n—od

for all j € N. Hence
lim || [T —¢ s+e)ttnll = 0. (5.24)
n—oo

Since A commutes with ITg we can use orthogonal decomposition to estimate

1A = M|l = [(A =)A= Ho—epre)ttn ]| + (A = M- ppeytn |

> e|(1 = Hp—epte)ttn|| — €| Mo—eptertin]|-
By (5.24), this implies that

liminf [|[(A — Vuy| > e.
n—0o0

Therefore, the criteria for {u,} cannot be satisfied for A € ogjsc(A). |

The sequence {u,} appearing in Theorem 5.13 is called a Weyl sequence for A. If
A is the closure of an essentially self-adjoint operator Ag, then it suffices to consider
Weyl sequences in D(Ag). In other words, it suffices to consider functions in a
core domain for A. To see this, suppose {u,} C D(A) is a Weyl sequence for A.
Because A is the closure of Ag, for each n, we can find w,, € D(Ag) such that
lwp, —unll < 1/n and ||Aw, — Auy|| < 1/n. The sequence {w,, /||wy||} then gives
a Weyl sequence for A contained in D(Ap).

The term “essential spectrum” is explained by the following corollary to Theo-
rem 5.13. Since compact operators map weakly convergent sequences to strongly
convergent by Theorem 3.38, the addition of a compact operator has no effect on
the existence of Weyl sequences. This yields the proof of the following:

Theorem 5.14 (Weyl Stability). Suppose that A and B are self-adjoint operators,
with B compact. Then

Oess(A + B) = 0ess(A).
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5.4.2 Continuous Spectrum

Another way to classify the spectrum is through the properties of the associated
measures. By the Lebesgue decomposition theorem, a regular Borel measure © on
R admits a unique decomposition of the form,

M = Mpp + Mac + Usc. (5.25)

Here ppp is a pure point measure (a sum of point measures), i, is absolutely
continuous with respect to Lebesgue measure, and g is singular continuous. See
Appendix A.1.5 for a brief review of this material.

Since the measure space (X, u) provided by the spectral theorem consists of
copies of R equipped with finite Borel measures, we can derive from (5.25) the
decomposition,

L2(X,dp) = L*(X, djpp) & L*(X, djac) ® L*(X, djuse).
The corresponding decomposition of H is denoted
H = pr @ %ac 69 HSC~

Based on this subdivision, the continuous portion of the spectrum can be decom-
posed in disjoint sets,

Ocont(A) 1= 0ac(A) U 05c(A),
where
Oac(A) 1= 0 (Aly,.), 0sc(A) 1= 0 (Aly)-
Note that the point spectrum op(A), the set of eigenvalues, is not necessarily

closed. On the other hand, the spectrum of the restriction Al is closed by
definition. In fact, it is easy to check that

6 (Alg,,) = op(A).

(This follows from Exercise 4.9.) Hence the measure decomposition (5.25) leads to
the partition,

0 (A) = opi(A) Uoac(A) Uosc(A), (5.26)
as an alternative to (5.23).

Unlike the essential spectrum, the decomposition (5.26) is unstable under
compact perturbations. A remarkable theorem of Weyl and von Neumann [93] says
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that for any bounded self-adjoint operator, there exists a compact (in fact, Hilbert—
Schmidt) perturbation such that the perturbed operator has pure point spectrum. On
the other hand, Kato [51] proved that the absolutely continuous spectrum is stable
under trace-class perturbations.

For v € H, the spectral resolution can be used to associate a spectral measure to
a vector v € H, by setting

po(E) := (v, ITgv)

for a Borel set E C R. Integration with respect to the spectral measure is related to
the functional calculus by

(v, F(A)) = A; fdp (5.27)

for f € By(R). This is analogous to the formula (5.10) for the spectral measure in
the unitary case.

Starting from the quadratic functional (5.27), we can derive the corresponding
sesquilinear form A (v, w) = (v, f(A)w) using the polarization identity as in (2.17).
By the Riesz lemma, the operator f(A) is uniquely determined by the set of matrix
elements (v, f(A)v). Therefore, the full functional calculus could be recovered
from knowledge of the spectral resolution I7.

At the operator level, the relationship (5.27) can be stated more directly in terms
of integration with respect to the projection-valued measure E +— IIg. That is, it is
possible to define integration with respect to dI1, just as for an ordinary measure.
In terms of this operator integral, (5.27) is equivalent to

fA) = fR fQydrom). (5.28)

We will not develop the projection-valued measure theory here. It suffices for our
purposes to regard (5.28) as a shorthand notation for the weak definition (5.27).

5.4.3 The Min—-Max Principle

The Weyl criterion of Theorem 5.13 allows us to locate the essential spectrum
without explicit knowledge of the resolvent or spectral projectors. In that sense,
it is similar to the max—min principle which we stated for compact operators in
Theorem 4.22. For general self-adjoint operators, we can formulate a version of
this principle which helps to separate the bottom of the essential spectrum from the
discrete eigenvalues below it.

Theorem 5.15 (Min—-Max Principle). Letr A be a self-adjoint operator whose
spectrum is bounded below. Let Ay denote the set of subspaces of D(A) of
dimension k, and define
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(5.29)

) (u, Au)
o) = min | max
wen, |ueW\(0} |lul?

for k € N. Then for each k, one of the following alternatives holds:

(a) ax is the kth eigenvalue (arranged in increasing order and counted with
multiplicity) and there are at least k eigenvalues below the essential spectrum.

(b) ar = infoess(A) and there are at most k — 1 eigenvalues below the essential
spectrum.

Proof For ¢ € R, suppose that rank [T_«c ) > k. Since the spectrum of
A is bounded below, range IT(_~ ) C rangelly . for some a € R. By the
characterization of D(A) in Theorem 5.6, it follows that

range IT(_o0,c) C D(A).

The assumption on the rank thus implies that there is a subspace W € Ay for which
W C range I1(_o ). The restriction of A to range IT(—c,¢) is bounded by c, so that

(u, Au)
max ———
uew\{0} |lull?
Therefore,
ay < c.

Now suppose that rank /T(_«,) < k. Then, for each subspace W € Ay, there
exists some vector u € W such that

(u, Au) > cllu)®.
This implies that

ap = C.
Taking the contrapositive of these statements, we conclude that for all ¢ > 0,

rank IT(_ oo oy —¢) < K,
(5.30)
rank IT(_ oo oy 4+¢) > k.

It follows that rank 1y, —¢ o, +¢) = 1 for all ¢ > 0, which means that oy € o (A). If
(4, —¢ a1 +¢) has finite rank for some & > 0, then a; € oyisc (A), and it then follows
from (5.30) that o is the kth eigenvalue.

On the other hand, if IT(4, —¢ o, +¢) has infinite rank for some ¢ > 0, then oy €
0ess(A), by definition. The first statement of (5.30) implies that no point below oy
lies in oess(A), SO o is the bottom of the essential spectrum. O



5.5 Exercises 121

There is a corresponding max—min principle. That is, the value of o from
Theorem 5.15 can be computed as

(u, Au)
o =  max

Ve Vk—1 €H | ueDA)N (01, ve ) N0} 2]l

We leave the proof to Exercise 5.8.

5.5 Exercises

5.1. For a self-adjoint operator A, let U be the Cayley transform defined in
Lemma 5.7. Prove that 1 € p(U) if and only if A is bounded.

5.2. Let A be a self-adjoint operator.

(a) Suppose that X is an isolated point of o (A), meaning that there is a neighbor-
hood of A containing no other point of o (A). Prove that A is an eigenvalue of
A.

(b) Prove that if the spectrum of A is purely discrete, in the sense of Definition 5.12,
if and only if A has compact resolvent (as defined in Exercise 4.11).

5.3. If {A,} and A are self-adjoint operators, then we say that A, — A in the
norm-resolvent sense if

dim [[(4, =)™ = A -D7!| =0. (5.32)

(a) Prove that norm-resolvent convergence implies that
lim (A, =)' —(A-2)7'| =0,
n—o00
for all z with Im z £ 0.

(b) For x € p(A) N R, show that x € p(A,) for all n sufficiently large and that
(A, —x)~' = (A — x)~! in the operator topology.

5.4. Assume that {A,} and A are self-adjoint operators with A, — A in the norm-
resolvent sense, as defined in Exercise 5.3. Suppose f is a bounded continuous
function on R whose limits at 00 exist and are equal. Prove that

lim [ (A = fA)] =0.

[Hint: Approximate f(A,) and f(A) by polynomials in the respective Cayley
transforms U,, and U .]
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5.5. For a self-adjoint operator A and ¢ € R, let
Ut) := "4,

as defined by the functional calculus. It follows from Theorem 5.9 that {U (¢)},cg is
a unitary group, meaning that each U (¢) is unitary and

U(s+1) = Us)U(t)

for all 5, € R. For v € D(A), prove that
lim 1[U(t)v - v] =iAv.
t—0t

5.6. Let U(r) := ¢!" be the unitary group associated with a self-adjoint operator A
as in Exercise 5.5. Note that ¢ — U (¢) is continuous in the strong operator topology
by Theorem 5.9. Prove that U(¢) is continuous with respect to the operator-norm
topology if and only if A is bounded.

5.7. Suppose A is self-adjoint, and let y be a simple, positively oriented piecewise

smooth curve in p(A) that encloses a subset E C o (A). Prove that the spectral
projection onto E is given by

—1
My = —,/(A — 2 ldz,
2mi y

where the contour integral is defined as in Lemma 4.7.

5.8. Prove the max—min principle (5.31).

5.9. Suppose that A is a self-adjoint operator on a Hilbert space H. Prove that the
interval (A — &, A 4 ¢) intersects the essential spectrum of A if and only if there
exists an infinite-dimensional subspace W C D(A) such that

(A =Vw| < ellw]

forallw e W.

Notes

The strategy of proving the spectral theorem for unitary operators using Fourier
series was inspired by a set of lecture notes by Michael Taylor. A similar method is
presented in Simon [83, §5.5].
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Other expositions of the von Neumann trick of deriving the spectral theorem for
unbounded operators from the Cayley transform can be found in Simon [83, §7.2]
and Taylor [90, §8.1]. In Weidmann [94, §7.3], the spectral theorem for unbounded
operators is proven by using the resolvent formula (5.21) to derive the spectral
resolution.

Another way to prove the spectral theorem for unitary operators is to construct
the continuous functional calculus for bounded self-adjoint operators directly,
as described in Section 5.2. This construction, which extends easily to normal
operators, is developed for example in Reed and Simon [69, Chapter VII] and Hall
[41, Chapter 10]. An alternate route to the spectral theorem for normal operators is
via Banach algebra theory, as in MacCluer [60, §6.1] or Rudin [79, Part III].

One-parameter groups generated by self-adjoint operators, such as the unitary
group introduced in Exercise 5.5, are an important topic in spectral theory, particular
in applications to quantum mechanics. For more details, see Reed and Simon [69,
§VIIL.4], Schmiidgen [80, Chapter 6], or Weidmann [94, §7.6].



Chapter 6 ®
The Laplacian with Boundary Conditions sz

The oldest problem in spectral theory is to understand the sound of a vibrating
string. As we noted in Chapter 1 this problem dates back to Pythagoras. The
first mathematical model for the string was the one-dimensional wave equation
developed by Jean d’Alembert in 1746. If u(x, t) denotes the displacement of the
string at position x € [0, £] and time ¢, the equation takes the form,

(32 —Hu=0 6.1)

(with physical constants omitted). Separating the time and position variables yields
a spatial equation,

—Ap=rp, u(0)=u(l)=0. 6.2)

Historically this is called the Helmholtz equation, based on Hermann von Helmh-
oltz’s work on electrodynamics in the late nineteenth century. In the later termi-
nology of Hilbert we would describe it as the “eigenvalue equation” for the
Laplacian with Dirichlet boundary conditions.

Equation (6.2) has an obvious family of solutions,

. (kmx
or(x) = sm(T)

for k € N, with eigenvalues
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If we reinstate the physical constants in (6.1), then this model predicts a set of
vibrational frequencies,

kK T

— /2 keN, 6.3
Y ’ € (6.3)

measured in Hz (cycles per second), where p is the linear density of the string and
T the tension. The formula (6.3) reproduces an empirical law for the overtone series
discovered by Mersenne.

In this chapter, we will analyze higher dimensional analogues of the string
problem. That is, we consider the spectral theory of the Laplacian on an open set
§£2 € R". We will concentrate on the classical boundary conditions, Dirichlet and
Neumann, and develop the corresponding self-adjoint extensions.

In the Dirichlet case, for £2 bounded we will show that the spectrum of o (—A)
is purely discrete. In this case the Dirichlet Laplacian admits an orthonormal basis
of eigenfunctions, with a sequence of eigenvalues

O<A <A <---— Ho00. (6.4)

A similar result holds in the Neumann case, provided the boundary 952 is suffi-
ciently regular, except that 1 = 0.

In dimension two, the sequence of Dirichlet eigenvalues yields the set of
vibrational frequencies for a membrane which is fixed at its edges, i.e., the overtone
series for a drum with a head given by £2. As in the string example, the eigenvalue
equation arises from a simplification of the physical model, a linear approximation
that ignores friction.

Example 6.1. Consider the Laplacian with Dirichlet boundary conditions on an
open rectangle £2 = (0, £1) x --- x (0, £,) C R". Separation of variables reduces
the eigenvalue equation to a system of one-dimensional equations. The resulting
eigenfunctions are

R = A ”ijj')
&r(x) -—gmsm( 7 (6.5)

for k € N". Some two-dimensional examples are illustrated in Figure 6.1.

We can show that {¢y}cy forms a basis for L2(£2) by exploiting the obvious
connection to Fourier series. For convenience, let us first change variables so that
£; = mr for each j. We can identify L2((0, 7)) with a closed subspace of L2(T™),
where T" := R" /(2w Z)", by first extending functions on (0, )" to odd functions
on (—m, )" and then making them 2 -periodic. These extended functions can then
be expanded in terms of the Fourier basis for L2(T") (see Example 2.32). For odd
functions in particular, the expansion reduces to a Fourier sine series. It follows
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Fig. 6.1 Dirichlet eigenfunctions for a rectangular domain

that the functions (6.5) yield an orthonormal basis for L2((0, 7r)"). For the original
rectangle £2 this shows that the full Dirichlet spectrum is

n n2k2
o(—A) = {ZE_ZJ : kGNn}
j=1 "

Under Neumann conditions, the only change is to switch from sines to cosines
in (6.5). For the Fourier basis argument we then use even extensions instead of odd.
The set of eigenvalues is given by the same formula, except that each k; is allowed
to be zero. O

Example 6.2. Consider the Laplacian on the unit disk D ¢ R2. In polar coordinates,

A_Ld(o +1a2
“roar\or r2 902

If we substitute ¢ (r, ) = h(r)e'*? into the eigenvalue equation —A¢ = A¢, then
the equation for the radial factor is

3\ 2 2
r— ) h+OAr°—k“)h =0.
ar

The solutions which are regular as r — 0 are given by h(r) = Je(W/Ar), where
Ji is the standard Bessel function. To satisfy (1) = 0, we set VA= Jk.m, where
{0 < jk.1 < jk2 < ...} denotes the sequence of zeros of Ji. This gives a set of
eigenfunctions

Gkm(r, ) = T Geomr)e'™.

An example is shown in Figure 6.2.
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Fig. 6.2 Dirichlet
eigenfunction on the unit disk

This set of eigenfunctions yields a basis for L>(ID), so that
o(=A) = {ji,: k€Z meN}

To prove this, one can use Fubini’s theorem and the Fourier basis theorem to reduce
the argument to the fact that {\/;Jk(jk,mr)}kez,meN is a basis for L%(0, 1). This
result is well known from special function theory, although the proof is not exactly
elementary.

The same derivation applies in the case of Neumann boundary conditions, except
that the zeros of Ji(z) are replaced with the zeros of J;(z), which are denoted by
j,é,m. Figure 6.3 shows an example of a Neumann eigenfunction. O

Fig. 6.3 Neumann
eigenfunction on the unit disk
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6.1 Self-adjoint Extensions

As noted in Example 3.20, for a domain £2 C R” we can impose Dirichlet or Neu-
mann boundary conditions to guarantee positivity of the Laplacian, provided there
is sufficient regularity to justify the use of Green’s identity. In this section, we will
produce self-adjoint extensions of —A corresponding to these classical boundary
conditions. These are Friedrichs extensions, constructed using the quadratic form
approach developed in Section 3.4.3. In both cases, self-adjointness does not require
any restriction on the regularity of 92.

Although we focus on the Laplacian to simplify the exposition, the methods
discussed here extend directly to the case of uniformly elliptic operators. (See
Exercise 6.4.)

6.1.1 The Space Hy(f2)

Let 2 C R” be an open set. Because functions in L?(£2) are defined only up
to sets of measure zero, they do not have well-defined boundary values on 952.
However, functions in the Sobolev space H!(£2) defined in Section 2.5.2 have
enough regularity to allow for a meaningful interpretation of the Dirichlet conditions
uls = 0. To implement these conditions, we define the subspace

Hy(2) := C*(2) c H'(2), (6.6)

where the closure is with respect to the H' norm. As a closed subspace, HOl (£2) is
itself a Hilbert space.

It is not immediately clear that Hé (£2) differs from H1(£2). After all, the closure
of C;°($2) with respect to the L? norm is simply L?(£2). Before we proceed, let us
consider how the definition of HOl works in some special cases.

Example 6.3. Let §2 be the unit interval (0, 1). In Example 2.24 we saw that
functions in H'(0, 1) are absolutely continuous. We claim that HO1 (0, 1) is the
corresponding space with classical Dirichlet conditions at the endpoints, i.e.,

HOI(O, = {f € AC[0,1]: f' e L?[0,1], fO)=f(1)= O}.
The endpoint condition follows from the fact that convergence in H' implies
uniform convergence in dimension one. To prove this, we need to estimate || f oo

in terms of || f|| 1. For a function f € H'(0, 1), there exists a point x; € [0, 1] at
which

Lf Dl =11 flloos
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by continuity. For x € [0, 1], we can use the formula

X1
fxn) = f(x) +/ fl@dr (6.7)
X
and apply Cauchy—Schwarz to the integral to obtain

1 flloe < 1£@)] + | =1l 2]L£]L.

By squaring and integrating this estimate over x, we can deduce that

[ flloo = Cllfllg1- (6.8)

For f € HO1 (0, 1), there exists a sequence {x} C C3°(0, 1) which converges to
f in the H'! norm. By (6.8) this convergence is uniform, and so f must vanish at
the endpoints. O

Example 6.4. Suppose that 2 C R” has a piecewise C! boundary, and that
u € C®(£2). We will show that if u also lies in HO1 (£2), then it satisfies classical
Dirichlet boundary conditions.

Consider an approximating sequence {,} C Cy°(£2) such that ¥, — u with
respect to the H'! norm. For u, ¢ € C*(£2), Green’s first identity implies that

/ ua—¢ dS:/[Vu~V¢+uA¢>]dx
il 2

_Qa\)

= lim [ [V, Vo + v,Apldx

n—oo Q

=0.
Since this holds for all ¢ € C*®(£2), it follows that
ulpe =0.

This conclusion can be generalized to all of H(} (£2) through the theory of boundary
“traces” of Sobolev functions; see, for example, Evans [29, §5.5]. O

If £2 is bounded, then functions in H(} (£2) satisfy a classical inequality that is
closely connected to the spectral theory of the Dirichlet Laplacian on £2.

Theorem 6.5 (Poincaré Inequality). Suppose 2 C R" is a bounded open set.
There exists a constant y > 0 such that

lullz2 < v IVullp2

forallu € H}(£2).
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Proof By the definition of HOl (£2), it suffices to prove the result for functions in
C5°(82). Fix M > 0 so that

QL CR:=[-M, M]".

The natural embedding C3°(§2) C C{°(R), given by extending by zero, is an
isometry with respect to both H!' and L? norms. Thus it suffices to derive the
Poincaré inequality for y € C3°(R).

By the fundamental theorem of calculus,

X1
W(x):/ oy (y,x2,...,xn) dy.
-M

Applying the Cauchy—Schwarz inequality on L?(—M, M) gives the estimate,

M
W@WS2M/MM¢@JL~wMWd%

for all x € [-M, M]". Integrating this estimate over x then yields

Iwl1> < 4M?|jay |12
< 4M?||Vy |,

6.1.2 The Dirichlet Laplacian

Our goal in this section is to obtain a self-adjoint extension of —A on 2 by
applying the Friedrichs construction from Section 3.4.3 to the H! inner product
on H(} (£2). This case demonstrates one of the primary advantages of the quadratic
form approach, namely that the domain of the quadratic form is simpler than the
domain of the operator.

Since we are considering multiple extensions in this chapter, let us denote the
Dirichlet Laplacian by — Ap. This operator acts on the domain

D(—Ap) = {u € H}(2): —Au € L*(2)}, (6.9)

where —Au is interpreted in the weak sense. The condition that —Au € L3(£2)
means precisely that there exists g € L?(£2) such that

(8, ¥) = (u,—Avy), forallyy € C°(£2). (6.10)

For u € D(—Ap), we define —Au := g.
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Under certain conditions, the definition (6.9) can be simplified. A standard
elliptic regularity result (Theorem A.20) says that if 982 is C 2ue HO1 (£2), and
—Au € L?*(2), then u € H?*(£2). Thus, in the case of C? boundary, the exact
domain is

D(—Ap) = Hy (£2) N HX(£2). 6.11)

We will discuss the issue of elliptic regularity in more detail in Sections 6.3
and 9.4.2.

To set up the proof of self-adjointness, it will be helpful to rewrite the definition
(6.9) in terms of the H' inner product. By Green’s identity,

(Vo, Vi) = (¢, —AY), (6.12)

for ¢, ¢ € C3°(£2). Thus —A is symmetric and positive on C3°(£2).
Taking an approximating sequence {¢} C C;°(£2) converging to u € HO1 (£2)
thus gives

(u, ¥y = (u, —AY) + (u, ¥). (6.13)

Therefore, the condition (6.10) is equivalent to the existence of f € L?(£2) such
that

Yy = (f ), forall ¥ € CZ(R2). (6.14)

Note that by (6.13), f = (—A + 1)u in the weak sense.

By the Riesz lemma (Theorem 2.28), the condition (6.14) holds if and only
if (u, -) ;1 admits extension to L%(£2) as a bounded functional. We thus have an
alternate specification of (6.9),

D(—Ap) := {u € Hy(2) : (u,-)y extends to L*(£2)
(6.15)
as a bounded functional}.

Note that this matches the domain definition (3.29) used in the Friedrichs extension.
We can thus prove a self-adjointness result by adapting the arguments from
Theorem 3.29.

Theorem 6.6. For an open set 2 C R", the operator —Ap is self-adjoint.
Moreover, it is the unique self-adjoint extension of —A from C{°(82) to a domain
contained in HO1 (£2).

Proof 1t suffices to prove the self-adjointness of A := —A + 1, with D(A) =
D(—Ap). Since A is already known to be symmetric, we need to only prove that
D(A*) C D(A). The essential point will be to show that A is surjective.
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Given f € L?($2), the functional (f, -) is bounded on HOl (£2), because

Ao < LAl < vl A

Therefore, by the Riesz lemma, there exists an element u € H(; (£2) such that
) = (fo ) (6.16)
forallv e HO1 (£2). By (6.15), this implies that u € D(A) and
Au = f.

This proves that A is surjective. Since ker(A*) = range(A)* by Lemma 3.7, this
also means that A* is injective.

Now we claim that D(A*) C D(A). Suppose that u € D(A*). By the surjectivity
of A, there exists v € D(A) such that

Av = A*u.
Since A C A* by symmetry, this can be rewritten as
A*(u—v)=0. (6.17)

Since A* is injective, as noted above, this implies that u = v. We have thus shown
that u € D(A). This completes the argument that D(A*) C D(A), which proves A
is self-adjoint.

To prove the uniqueness claim, suppose that B is another self-adjoint operator
with C(‘)’O(.Q) C D(B) C Hol(.Q), such that B agrees with —A + 1 on Cé’o(.Q). For
u € D(B)and ¢ € C(‘)’O(.Q), the self-adjointness of B implies

(Bu, ) = (u, Byr)

By (6.10), we thus have u € D(A) = D(—Ap) and Bu = Au. This shows that
B C A. Since both operators are self-adjoint, we can take the adjoint of this relation
to deduce A C B. Therefore B = A. O

Note that the uniqueness statement in Theorem 6.6 does not say that —A is
essentially self-adjoint on C3°(£2). There are many possible self-adjoint extensions,
including the Neumann Laplacian discussed in the next section. Uniqueness holds
only if we restrict our attention to domains within HOl (£2).

If £2 is bounded, then the Poincaré inequality (Theorem 6.5) implies that —Ap
is itself bijective as a map D(—Ap) — L2(£2). This establishes an existence
result for the Poisson problem: for any f € L?(§2), there exists a unique weak
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solution of —Au = f with u € D(—Ap). The inverse map f +— u is bounded,
by Theorem 3.17. We will see in Section 6.2 that (—Ap)~! is in fact a compact
operator.

6.1.3 The Neumann Laplacian

The classical Neumann boundary condition, vanishing of the normal derivative on
082, requires the definition of a normal vector to the boundary. Neumann boundary
conditions have a natural interpretation, for example, in the case where 952 is at
least piecewise C'. It turns out that such regularity assumptions are not required for
the Neumann self-adjoint extension of —A, just as in the Dirichlet case. However,
later we will see that certain aspects of the spectral theory do require extra boundary
regularity in the Neumann case.

As in Section 6.1.2, we will construct the self-adjoint extension for Neumann
boundary conditions using the Friedrichs method from Section 3.4.3. The new
feature here is that the boundary conditions do not appear explicitly in the
specification of the quadratic form domain.

The Neumann Laplacian — Ay is defined by the domain

D(—-AN) :={u € H'(2) : (u, ) extends to L*(£2) 618
(6.18)
as a bounded functional}.

This is quite similar to (6.15), except that HOl is replaced by H'. As in the Dirichlet
case, the condition that (u, -) ;1 admits a bounded L? extension implies that —Au €
L?(£2). What is new here is that the boundary condition is implicit in the condition
that (u, -) 1 is a bounded functional.

To see how this works, consider the case when 952 is piecewise C ! For u, f e
C>(£2), Green’s identity gives

(Vu, Vf) = (—Au,f}+/ £ s, (6.19)
a ov

If we also assume that u € D(—Ay), then this means that
(M, v)Hl = <(_A + 1)“5 U)
for all v € H'(£2). This implies in particular that

(Vu,Vf) = (=Au, f)
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for all f € C*®(£2). Therefore, by (6.19),

ou _
vl

for u € D(—AN) N C®(2).

The proof of self-adjointness in the Neumann case is essentially a repeat of the
proof of Theorem 6.6. We simply replace the Hilbert space HOl (£22) with H'(£2), to
obtain the following:

Theorem 6.7. For an open set 2 C R", the operator — A\ is self-adjoint.

To make a uniqueness statement as in Theorem 6.6, we need for 052 to be regular
enough that classical Neumann boundary conditions make sense. For example, if
012 is piecewise C! and we define the set of functions satisfying classical Neumann
conditions as

X @ ={fec>@: g—z =0,

then an argument similar to that given in Theorem 6.6 shows that — Ay is essentially
self-adjoint on C°(£2).

6.2 Discreteness of Spectrum

A standard way to see that an operator 7 has discrete spectrum is to show that
(T — z)~" is compact for some z € p(T). As we saw in Exercise 4.11, this either
holds at all points in the resolvent set or none. In the former case, T is said to have
compact resolvent, and this implies that o (T') is purely discrete. For a self-adjoint
operator we can go even farther. By Theorem 4.21 (Hilbert—Schmidt), a self-adjoint
operator with compact resolvent admits an orthonormal basis of eigenvectors.

In this section we will establish the compactness of the resolvent for the Dirichlet
and Neumann Laplacians in the case where 2 is bounded. In the Neumann case
the compact resolvent property requires an additional restriction on the boundary
regularity. The set §2 is said to have Lipschitz boundary if 982 can be represented
locally as the graph of a Lipschitz continuous function. From the compact resolvent
property we obtain the following:

Theorem 6.8. For a bounded open set 22 C R", there exists an orthonormal
basis {Y} for L*(82), consisting of real-valued eigenfunctions of —Ap, with real
eigenvalues {Ar} accumulating at +o00. The same result holds for —AN if 052 is
Lipschitz.

The Poincaré inequality (Theorem 6.5) implies that the eigenvalues of —Ap are
strictly positive. If u € HO1 (£2) is expanded in terms of the Dirichlet eigenfunction
basis as Y po.| ck ¥, then
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o0
2 2
IVul® =) axlerl®.
k=1

Assuming that the Dirichlet eigenvalues {A;} are written in increasing order, it
follows that

\v/ 2
Ivel” _, .. (6.20)

ueH @)\(0) Ilull?

In other words, A is related to the optimal Poincaré constant y by

Al = )/_2.

We will generalize (6.20) to a min—max formula for higher eigenvalues in Sec-
tion 6.4.

The remainder of this section is devoted to the proof of Theorem 6.8. The main
tool used to establish compactness of the resolvent is the following embedding
theorem that relates the H' and L? topologies.

Theorem 6.9 (Rellich’s Theorem). For a bounded open set 2 C R", the
inclusion HO1 (£2) — L%(82) is compact. If 382 is Lipschitz, then the inclusion
HY(2) - L*(2) is also compact.

Before getting into the details of the proof of Theorem 6.9, let us show that
Rellich’s theorem implies the compact resolvent condition.

Proof of Theorem 6.8 The proofs in Dirichlet and Neumann cases are nearly
identical, so we consider only the Dirichlet case.

If u € D(—Ap), then by (6.21), Using (6.12), and the fact that C(‘)’O(.Q) is dense
in HO1 (£2), we can deduce that

(—Au, v) = (Vu, Vv) = (u, —Av) (6.21)
for u, v € D(—Ap). This shows that —Ap is symmetric and positive.
el = (u, (= A + D).
By Cauchy—Schwarz and the fact that ||u|| < |lu|| g1, this implies that
lull gt < I1(=A + Dul.

This shows that (—Ap + 1)~! is bounded as a map L*(22) — H] (£2). Therefore
(—Ap + 1)~ !is compact as a map L?(£2) — L?(£2) by Theorem 6.9. o
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6.2.1 Periodic Sobolev Spaces

It is relatively easy to prove Rellich’s theorem in the case of periodic functions, by
making use of Fourier series. We will develop the periodic case in this section, and
then later apply this to the proof of Theorem 6.9. To discuss periodic functions on
R", we use the notation T" to denote the quotient (R/27Z)". A function on T”" is
represented by a function on R” which is 27 -periodic in each coordinate.

There are two possibilities for the definition of Sobolev spaces on T". The first is
to adapt the definition of weak derivatives to the periodic setting and use the analog
of (2.23). Because T" is compact and has no boundary, we do not need for the
test functions to be restricted to compact support here. For u € L!(T"), the weak
derivative D*u € L'(T") is defined by the condition that

Y D% dx = (—1)! /

uD%r dx
’]I‘n

’]I‘n

for all ¥ € C°°(T"). (Here « is a multi-index; see Section 2.5.1 for the introduction
to this notation.) The Sobolev space H"” (T") is given by

H™(T") := {u € L*(T") : D*u € L*(T") for |a| < m}, (6.22)

form e N.
The second option is to define Sobolev spaces on T” using the discrete Fourier
transform. The Fourier basis for L2(T") is defined by

i(x) = (2m) "2,
for k € Z". The Fourier coefficient map
u > uk) = (¢, u)

yields an isomorphism L>(T") — £2(Z"), as explained in Example 2.32.
It is easy to see that D%u exists as a weak derivative in L>(T") if and only if
k%G (k) € €2(Z"), and that

D=y (k" ak)d

keZn
in this case. Thus, an equivalent definition to (6.22) is
H™ (T") = {u e LX) : Y (L+ kD" lath < oo],
keZ

which now extends the definition to all m > 0.
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Since each ¢y is an eigenfunction of —A with eigenvalue |k|2, it is clear that —A
is self-adjoint on L2(T™), with the domain H2(T").

Lemma 6.10. For m > 0, the operator (—A + 1)~ is compact on L*(T").

Proof For N > 0, define a finite rank approximation to (—A + 1)~ by

Tyu= Y (kP> + 1) a(k)¢x.

|k|<N

By the estimate

l=a+D™™ =Ty < (N?+1)7",
Tn converges to (—A + 1)™™ in operator norm as N — oo. It follows that (—A +
1)™™ is compact, by Theorem 3.37. O

The analog of Rellich’s theorem for the periodic case is a direct consequence of
Lemma 6.10.

Corollary 6.11. The inclusion H™ (T") — L2(T") is compact form > 0.

Proof Suppose that {wy} is a bounded sequence in H™ (T"). This is equivalent to
the condition that the sequence {(—A + 1)"/?wy} is bounded in L?(T"). Therefore,
by the compactness of the operator (—A + 1)™"/2, there exists a subsequence of
{wy} that converges in L2(T™). O

6.2.2 Extension Lemmas

To apply Corollary 6.11 to the proof of Theorem 6.9, we need a way to transpose
Sobolev functions from §2 to T". By a linear change of coordinates, it suffices to
consider the case where 2 C (0, 2m)". The plan is to first extend H I functions
from £2 to (0, 27)" and then make them periodic.

For HO1 (£2) we can actually just take the naive approach of extension by zero.
This works without any regularity conditions on 952.

Lemma 6.12. For open sets §2 C 2 C R, extension by zero defines an isometry
H} () — H}(£2).
Proof Foru e HO1 (£2), let i denote the extension by zero of u to a function on 2.
The weakNﬁrst derivatives d;u € L?(£2) can also be extended by zero to functions
f;j € L*(£2). We must check that f; equals the weak derivative ;.

Let {yx} C C§°(£2) be an approximating sequence such that ¥, — u with
respect to the H' norm. For ¢ € C(°(£2), integration by parts gives

/~ ¢ djyid"x = —/N Vi 0 d"x.
& 7
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Taking k — oo then shows that

f~¢fj d"x = —/NIZ 3,¢ d"x.
2 2

Hence dju = f; € Lz(ﬁ) and therefore &t € Hol(ﬁ). m|

The extension problem for general H™ functions is more difficult. If 2 has a
rough boundary, then it may not be possible to extend a function while maintaining
the same level of regularity. To avoid technicalities in the argument, we will consider
only the case when 952 is smooth. Our first step is to check that the Sobolev spaces
behave nicely under coordinate changes.

Lemma 6.13. Suppose that F : 2> Qisa diffeomorphism. Then the pullback
F* :u v+ uoF defines a continuous bijection H™ (§2) — H™(S2) for eachm € N.

Proof Let us represent the coordinate change by y = F(x), with D} and DY
denoting the derivatives in the respective coordinate systems. For u € H™(£§2), our
goal is to compute DY for |e| < m, where d:=uoF.Fory e C(‘)’o(ﬁ), a change
of coordinates by G := F~! yields

(=Dl /~ i D2 dy = (—1)!*! f u G*(D$ ) |det Jg| dx,
2 Q
where Jg is the Jacobian matrix of G. By the chain rule,

G* Dy = ) cpDfY,
IBI=le|

for some coefficients cg € C*°(£2). Since u € H™(£2), this implies that
(=Dl /N i DY dy = / vy dx,
Q Q

where v € L?(£2) is given by

v@ = 3" DF(cpldet Jg|u).
IBI<lal

It follows that the weak derivative D;‘IZ exists and is equal to F*v(@ ¢ Lz(ﬁ).
Furthermore, since F* is bounded as a map L2(2) — L2(£2),

IDSE] < Cllv | < Cllull .
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Using Lemma 6.13, we can simplify the extension problem by first flattening the
boundary with a change of coordinates. This strategy yields the following:

Lemma 6.14 (Sobolev Extension). Suppose that 2 C R”" has smooth boundary.
A function inu € H™(82) admits an extension to u € H™(R"), such that

il g @ey < Collull mm(s2ys (6.23)

with Cy, independent of u.

Proof The first step is to reduce this to a local argument. By assumption, each
boundary point has a neighborhood in which 92 is the graph of a smooth function.
Since 052 is compact, we can cover it with a finite number of such neighborhoods.
A smooth partition of unity can then be used to restrict the estimate to one such
neighborhood. (For partition of unity in R” see, e.g., Rudin [77, Thm. 10.8].)

It thus suffices to consider the case where suppu € U C R”, where 92 N U is
the graph of a smooth function. After an interchange of coordinates, if necessary,
we can assume that

UN={xelU: x, >0x1,...,xp-1)},

for some smooth function .
We can now apply a simple coordinate change on U to straighten the boundary.
For x € U define the map y = F(x) by,

. i=1,...,n—1,
yj= 1" / " (6.24)
Xp =01, .., Xym1), J =0,

so that F(U N £2) is the set {y, > 0}, as illustrated in Figure 6.4. The inverse map
is given by x, = y, + 9 (y1, ..., Yu—1), so it is clear that F is a diffeomorphism.
By Lemma 6.13, it suffices to prove the result in the new coordinates. We can thus
specialize to the case where u is a compactly supported function in H™ (R’ ), where
R% = {x, > 0}. We need to extend u across x, = 0 to a function # € H"(R").
For this construction, suppose first that u € Cgo (M). Such a function admits
a smooth extension across the boundary, by definition. The point here is to control
this extension so that (6.23) holds. The strategy is to use rescaled reflections of u.

For a set of coefficients c1, ..., cn+1 € C, consider the ansatz,
u(x), Xp = 0,
ii(x) = {mt! X, (6.25)
chu XlyoosXp_1,—— ), xn <O.
J

j=1



6.2 Discreteness of Spectrum 141

0 F(2)

Fig. 6.4 Using a change of coordinates to flatten the boundary

The function i is continuous provided )  ¢; = 1, and this condition also implies that
partial derivatives involving only the variables x1, ..., x,_1 are continuous across
the boundary.

To match up the x,, derivatives, we compute

m—+1

i 1, dlu
=2 D e,

axl

xp—>0~

After comparing this to (6.25), we see that & € C™ (R") under the condition

m+1 -
Y= =1, (6.26)
fori =1,...,m + 1. This linear system has coefficient matrix

Mij = (=),

and to show that (6.26) has a solution we simply need to know that det M # O.
The matrix M is of Vandermonde type, and a simple induction argument gives the
determinant formula,

det M = Z (ll — l)

I<i<j<m+1 J

which is nonzero. Therefore, there exists a unique choice of ¢y, ..., ¢, 41 satisfying
(6.26). For example, for m = 1 the solution is ¢; = —3 and ¢; = 4.

Using the set of coefficients that solves (6.26) in (6.25) gives u € Cj'(R").
Moreover, since the ¢; depend only on m, it is clear that (6.23) holds for all
uecCyr (R ).
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Now suppose u € H™ (R} ). To make use of the extension constructed above, we
need to approximate u# by smooth functions, a process called mollification. Suppose
¥ € C°(R") has support in {|x| < 1} and satisfies

vd'x =1. 6.27)
Rn

For x € M and ¢ > 0, we define a shifted convolution,

g (x) = N 11#()))u(x +een —ey)d"y,
yi<

where e, is the unit vector in the x, direction. (The shift in the x, variable keeps
the argument of u within R’} .) By the dominated convergence theorem, u, — u in
L>(R%) ase — 0.

Moreover, a simple change of variables gives

ug(x) = N 11#(()6—)’)/8+€n)u(y) d"y.
yl<

We can then differentiate under the integral to see that u, € C*° (M), with
D%, (x) = / Djf[l/f(:fl(x -+ en>]u(y) d"y
[yl<l
=0 [ D[ (e - ) e 'y,
lyl<l
Since D*u exists as a weak derivative for |«| < m, this implies
D%uc(x) = / Ilf(e_l(x -y + en)D"‘u(y) d"y
lyl<l

= V() D%u(x +ce, —ey)d"y.
lyl<1

This shows that D%, — D% in L2(R") for |«| < m. Hence u, — u in H™(RY).

Now let it be the extension of u, to Kas defined above. Since we have already
shown that (6.23) applies to u, € C*°(R'}), the convergence u, — u implies that
the sequence {ii.} is Cauchy in H™(R"). Therefore, the limit

i = lim u,

exists in H™ (R").
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As noted above, this local argument can be applied to u € H™(§2) using a
partition of unity. O

It is easy to see that the extension result of Lemma 6.14 actually requires only
that 3§2 is C™. In fact, with a more careful argument, this boundary requirement can
be relaxed to the assumption that 32 is of the Holder class C"~!; see Gilbarg and
Trudinger [36, Thm. 7.25]. In particular, for m = 1 this means that the boundary is
required to be Lipschitz continuous.

To conclude this section, we use Lemma 6.14, in conjunction with Corol-
lary 6.11, to complete the proof of Rellich’s theorem.

Proof of Theorem 6.9 First consider the embedding of H(} (£2) into L%(£2). By
translating and rescaling if needed, we can assume that Q2 c (0, 27r)". This allows
us to extend a compactly supported function on (0, 27)" to periodic function on
T". Using this periodic extension along with the extension property of Lemma 6.12
gives an isometry

Hl(2) - H'(T). (6.28)

Suppose {vr} C Hol(.Q) is a bounded sequence, and let {v;} denote the
corresponding periodic extensions in H!(T"). By Corollary 6.11, there exists a
subsequence of {} converging in L(T"). The corresponding subsequence of {vy}
then converges in LZ(Q).

The argument is almost the same for H'!(£2), except that the extension result
requires an extra hypothesis. If 9§2 is smooth, this extension is covered by
Lemma 6.14. For the more general condition that 02 is Lipschitz, we cite the
stronger extension result mentioned above [36, Thm. 7.25]. m]

6.3 Regularity of Eigenfunctions

The eigenfunctions provided by Theorem 6.8 are required to solve —Avyr = Ay only
in the weak sense. In this section, we will show that the weak eigenvalue equation
requires ¥ to be smooth, so that eigenfunctions are in fact classical solutions.

This argument, a special case of elliptic regularity from PDE theory, is relatively
easy if we restrict our attention to the interior of £2. Suppose ¥ is an eigenfunction
for either the Dirichlet or Neumann Laplacian on a bounded open set £2 C R”". For
x € C3°(82), we can extend x ¥ by zero to a function in H I(R™). By the eigenvalue
equation for u,

—A(xy) = Axy —[A, x1¥. (6.29)
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The commutator [A, ] is a differential operator of order one, so the right-hand side
of (6.29) lies in L%(R"). The Fourier transform of the left-hand side is |& |2ﬁ. By
(2.26), this shows that xy € HZ(R"). This puts the right-hand side of (6.29) in
H'R"). Iterating this argument shows that y € H™ (R") for all m, which implies
x ¥ € C®°(R") by Theorem 2.26. Since x was arbitrary, this shows that

¥ € C®(R2). (6.30)

It follows from Lemma 2.22 that i satisfies the eigenvalue equation in the classical
sense.

In fact, we can go further than smoothness. A function £2 — R is real analytic
if it is locally representable by power series. That is, the Taylor series at each
point converges to the function in a neighborhood. Harmonic functions (solutions
of Au = 0) are real analytic, and this property extends to eigenfunctions of the
Laplacian.

Theorem 6.15. For an open set 2 C R, suppose that v € H'(82) satisfies
—AYy = AV in the weak sense, for . € R. Then  is a real analytic function
on 2.

Before proving this result, let us note that both (6.30) and Theorem 6.15 are only
concerned with regularity in the interior. It is possible to extend regularity results up
to the boundary, but this requires a corresponding degree of regularity of d£2. For
example, if 32 is smooth, then the eigenfunction satisfies ¥ € C*°(2). We will
defer this boundary regularity discussion to the more general context of Riemannian
manifolds; see Section 9.4.2 and Appendix A.4.

The existence of a local power series representation implies that if a real analytic
function vanishes to infinite order at a point, then it vanishes identically on the entire
connected component of the domain. The proof is the same as for holomorphic
functions in complex analysis. Thus Theorem 6.15 has the following:

Corollary 6.16 (Unique Continuation). Assume that 2 C R" is a connected
open set. If ¥ € §2 satisfies — Ay = Ay and vanishes to infinite order at a point in
$2, then ¢ = 0.

The unique continuation property holds more generally for solutions of elliptic
partial differential equations, even in the nonanalytic case, by a result of Aronszajn
[2].

Our strategy for the proof of Theorem 6.15 is based on the construction of a
real analytic integral kernel for (—Agrs — A)~! for A > 0. This is closely related
to the resolvent kernel construction in Section 4.1.3, where we produced a Green’s
function G (k; r) for —A + K2 acting on R”, with Rex > 0. Here we seek a kernel
function G (ik; r) for k > 0, which will satisfy
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#00) = (=8 =k) [ Gliki = yDoe 'y
¥ (6.31)
= [ Gakile = sh-a - R d'y,

for ¢ € C;°(R"). Note that the fact that A = k2 lies in the spectrum does not rule out
a solution of (6.31). It just means that G (ik; r) cannot be the kernel of a bounded
operator on L2.

Lemma 6.17. For ). > 0 and x € R", the function
. T _n/r\l=5
Glikir) = =)~} (E) Yy (kr), (6.32)

where Y, (z) denotes the Bessel function, satisfies (6.31).

Proof We start by noting that, because the action of (—A — k2) is local, the first
line of (6.31) implies that

(—A = k*)G(ik; |x]) =0
for x # 0. As a radial equation, this translates to

2G n—-19G
— — 4+ kG =0.
ar2 roor +

for r > 0. By setting z = kr and G(ik;r) = z7" f(z) with v := n/2 — 1, we can
reduce this to the Bessel equation

2f+af + @ =D f=0. (6.33)

The solutions are linear combinations of the Bessel functions J,(z) and Y, (z).
The function |x|~"J, (k|x|) is smooth at x = 0. We can see from the calculation
in Section 4.1.3 that the Green’s function should have a singularity at the origin.
Therefore, we make the ansatz

G(ik;r) :=az7"Y,(2), (6.34)

for some constant a.

The two integral formulas in (6.31) are equivalent for ¢ € C{°(R"), by
integration by parts, so we can focus on the second. By a change of variables it
suffices to prove this at the origin, i.e.,

¢(0) = /R G(ik; [yD(—A — k) (y)d" y. (6.35)
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Since (6.34) is locally integrable, we can rewrite the integral as a limit

A;GahLﬂx—A—k%¢@ﬁﬂy=;gb GUik; yD(=A = k)P () d"y

{r>e}

Note that the integral avoids the singularity at the origin, so we can integrate by
parts, using Green’s identity, to move the operator from ¢ onto G. Since (—A —
k)G = 0 away from the origin, the integral reduces to a boundary term,

(G% —¢>E>d5. (6.36)
or

/ G YD (=A — KP)p(y) d"y = lim
Rn 0 87'

E=V J{r=¢}

As z — 0, the Bessel Y-function satisfies the asymptotic [64, §10.7],

2U
——T Wz ", Rev>0orve-N+ %
n@~ 1, d (6.37)

—logz, v=20.
bid
This shows that G(A; 7) = O (r>™") for n # 2 and O(logr) for n = 2, implying

0l
lim G—¢ dS =0, (6.38)

e—0 {r=¢} r

since the surface measure is O (#"~!). Furthermore, by the derivative formula,

dr _y —v
8—Z[z Y,(2)] = —z27"Y0p1(2),

we deduce from (6.37) that

oG _n 1—
o " o
Since
2n3
vol(§" 1y = 2,
'(3)
this implies that
oG
lim ¢—dS = —¢(0). (6.39)

=0 J{r=¢) or

Applying (6.38) and (6.39) to the right-hand side of (6.36) proves (6.35). O
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From (6.37), we can see that the behavior of G (ik; r) as r — 0 is identical to
that of G (k; r). The reason that G (ik; r) does not correspond to a bounded operator
is the lack of sufficient decay at infinity. For example, in R3 we have

cos(kr)

G(ik;r) = -

More generally. one can check that G (ik; r) grows like log r in dimension two and
decays like 7!~ in dimension n > 3.

In terms of the regularity of eigenfunctions, the key point in (6.35) is that
G (ik; |x]) is an analytic function of x for x # 0. This follows from the fact that
Y, (+) is holomorphic on the domain C\ (—o0, 0].

Proof of Theorem 6.15 Suppose € H'(£2) satisfies —Ay = k1, in the weak
sense. Let V be an open set such that V C £2, and choose a cutoff function x €
C(‘)’O (£2) so that x = 1 on V. We have already observed that ¢ is smooth in (6.30),
so the function,

fi= (A=)
= —[A, X]W7

is smooth and supported within supp(Vx). In particular, f vanishes on V. By
Lemma 6.17, forx € V,

V) = /R Gk [ =D f ) d"y. (6.40)

Since G (ik; |x — y|) is analytic as a function of x € V for y € supp(f), this implies
that v is analytic on V. O

6.4 Eigenvalue Computations

For a bounded open set £2 C R”", let {y;}72, denote the set of eigenfunctions
corresponding to the Dirichlet eigenvalues (6.4). For u € HO1 (£2), the fact that the
eigenfunctions constitute an orthonormal basis for L2(£2) implies that

o
IVall> =" as lew w) .
k=1

This shows that

N o Vul?
1= min R (6.41)
ueH (@\(0) llull
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The ratio on the right is called the Rayleigh quotient of u. By comparing (6.41)
to the Poincaré inequality Theorem 6.5, we see that A is related to the Poincaré
constant y by

Al = )/_2.

The characterization of A in (6.41) differs from the corresponding expression for
A1 from Theorem 5.15 in that the minimum is taken over the quadratic form domain
HOl (£2), rather than the operator domain. It is not difficult to extend the quadratic
form version to a full statement of the min—max principle.

Theorem 6.18 (Min—-Max Principle for Dirichlet Eigenvalues). Let {1y} be the
set of Dirichlet eigenvalues of a bounded open set 2 C R", written in increasing
order and repeated according to multiplicity. Define Ay as the set of subspaces of
Hé (82) of dimension k. Then

. V|
Ak = min max (6.42)
wedr |ueW\(0) [|ull?

foreach k € N.

Proof Because the quadratic form domain Hé (£2) contains the operator domain
D(—A), Theorem 5.15 implies that

. [Vul|?
Ak > min { max —— . (6.43)
wedr |ueW\(0) [|u]|?

To prove the opposite inequality, consider a general subspace W € Ay. Since
dim W = k, there exists a nonzero vector

weWNW, ..., Yr_1]t,

where {;} denotes the eigenvalue basis. This implies the eigenfunction expansion,

o]

w=Y " (w, ;).

j=k

Therefore,
o0
IVwl® =) 21w, v,) %,
j=k

which shows that

2 2
IVw]l® = Arllw|l”.
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Since W was arbitrary, it follows that

. IVul?
Ar < min { max . (6.44)
we g |ueW\(0) [|u]|?
In combination with (6.43), this completes the proof. O

With a similar argument, we can develop a max—min formula, analogous to
(5.31):

. [ Vul|?
A = max min 3 ( (6.45)
V1o 0k €L2(82) | we HY ()N vy oesvi—r 1\ (0) - Nl2]]

We will discuss the corresponding formulas for Neumann eigenvalues in Sec-
tion 6.4.3.

6.4.1 Finite Element Method

Theorem 6.18 is often used to approximate eigenvalues by choosing a finite-
dimensional subspace A C Hé (£2) and computing the min—max values for the
restriction to A,

By = (6.46)

||W||2}

min max
WeAk(A){MGW\{O} flue]|?

fork = 1,...,m, where m = dim A and A;(A) denotes the subspaces of A of
dimension k. This computational technique is known as the Rayleigh—Ritz method.
Clearly A; < By for each k, since Ag(A) C Ax(H).

To compute B, we choose a basis {wy} for A, not necessarily orthonormal. Then
define the matrices

E;ij := (Vw;, Vw;j), Fij = (w;, wj),

fori,j = 1,...,m. A simple linear algebra argument shows that the S are the
eigenvalues of the matrix F~'E. The idea behind the Rayleigh-Ritz method is
that B; should be a good approximation to A, at least if k is small relative to m.
Moreover, if (c1, ..., cy) denotes the eigenvector of F ey corresponding to S,
then ) c;w; can be used as an approximation to the true eigenfunction ¢y.

Example 6.19. Consider the Dirichlet Laplacian on the interval [0, 1], for which the
spectrum is {(krr)z},fil. The Rayleigh quotient of the polynomial pi(x) = x(1 —
x) is 10, a somewhat crude approximation to 2. Suppose instead we apply the
Rayleigh-Ritz method with A given by the span of polynomials p;(x) = x/(1=x)
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Fig. 6.5 An approximation
of the sixth eigenfunction of a
star-shaped region, computed
using the finite element
method

si\s\ K
P

for j = 1, ..., 5. Then the first Rayleigh—Ritz value, 8; = 9.8696, approximates 77>
to within 10~7. The second value, B2 = 39.50, is still a reasonable approximation
to 472 = 39.48. O

For the Rayleigh—Ritz method to be effective, we need an efficient way to choose
a subspace A that approximates H(}(.Q) reasonably well. A standard approach is
the finite element method, which involves subdividing £2 into a polygonal mesh
and then constructing A using continuous, piecewise linear functions (“elements”)
which take the value 1 at a single vertex of the mesh and vanish at all others. These
sample elements lie in H& (£2), and the corresponding matrices £ and F can be
computed quite efficiently, since most of the entries are zero. Figure 6.5 shows an
approximate eigenfunction computed using a mesh with 883 triangles.

6.4.2 Domain Monotonicity

The min—-max principle proves to be very useful for eigenvalue comparisons. For
example, we have the following monotonicity property for nested domains.

Theorem 6.20. For a pair of bounded open subsets of R" satisfying §2 C 2, the
Dirichlet eigenvalues satisfy

M (82) = M ($2)
for each k.

Proof For any subspace W C HO1 (£2) of dimension k we have

IVae]|?

M(2) < m -
uewnioy el

(6.47)

by (6.42). Let {yx} denote the eigenfunctigns of —Ap on 2. By Lemma 6. 12, these
functions interpreted as elements of HO1 (£2) by extension by zero. Setting W equal
to span{yr1, ..., ¥} in (6.47) then gives the result. O
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The counting function for Dirichlet eigenvalues is defined as
No(t) :==#{Ar €01 A <t}. (6.48)

Theorem 6.20 immediately yields a rough estimate of N (), by comparison to
the counting function for a domain whose eigenvalues are known, such as the
rectangular domain from Example 6.1. If R C §£2 C R3, then

NR, (1) = No(t) < Ng, (1). (6.49)

To put this to use, we need to compute the asymptotic behavior of Ng (t) as t — oo.
Let w,, be the volume of the unit ball in R”,

n
T2

Wy

Lemma 6.21. The Dirichlet eigenvalue counting function for a rectangular region
R satisfies the asymptotic

Nr (@) ~ Q) "wy vol(R)t2, (6.51)

as t — oo. This implies the eigenvalue asymptotic,

A~ (2m) <—wnvol(R)> : (6.52)

as k — oc.

Proof If the side lengths of R are labeled ¢4, . . . £,, then by Example 6.1,

n 7.[21)2
Ng (1) :#{v e N": Z sz < t}.
j=1 7

To estimate this counting function, consider the elliptical sector

n n2x2.
E(r) := {x e (R)": Z EZ.J < rz}.
j=1 %j

Each lattice point counted in N7 (t) corresponds to a unit cube contained in E (3/7).
The union of these cubes is illustrated as the shaded region in Figure 6.6. This
inclusion gives the upper bound

NR(t) < vol EWVT).
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Fig. 6.6 Estimating the
counting function N (t)

On the other hand, E(/f — ¢) is contained within the union of cubes for ¢ =
74/n/ min(¢;), so that

Nz (t) > vol E(+/T — ¢).

The volume of the elliptical sector is

n
g .
— T 5
vol E(r) = w,r l_[ o
j=1
Noting that [ [ £; = vol(R), we deduce that
Nz (t) = 1) "w, vol(R)tZ + 0"~ V/?), (6.53)
ast — oo.
The corresponding eigenvalue asymptotic (6.52) follows immediately from the
observation that Ay <t < Ag41 fork = N (1). |

Using (6.49) and Lemma 6.21, we can now derive a growth estimate for N (¢).
The symbol < means that the ratio of the two sides is bounded above and below by
strictly positive constants.

Corollary 6.22. For the Dirichlet Laplacian on a bounded open set 2 C R”, the
eigenvalue counting function satisfies

Ne(t) = t"/2.
Equivalently,
A < K.
We will see in Section 6.5 that the crude estimate of Corollary 6.22 can be refined

into an asymptotic of the form (6.51) for any bounded open set. This formula is
called Weyl’s law.
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Fig. 6.7 Approximating a
domain from within by a
finite union of rectangles

One way to obtain this refinement is by noting that the comparison principle of
Theorem 6.20 does not require the domains to be connected. Suppose we take a
finite disjoint union of rectangles Q; contained in §2, as illustrated in Figure 6.7.
Then

M(£2) = M(UTQ)). (6.54)

The upper bound in (6.49) can thus be replaced by

No() <) Ng; .

j=1

By taking families of disjoint rectangles that approximate §2 arbitrarily well in
terms of Lebesgue measure, we can derive from this method a sharp estimate of
limsup,_, o, No ().

6.4.3 Neumann Eigenvalues

There is an important relationship between Dirichlet and Neumann eigenvalues
that proves useful in the analysis of both cases. It follows immediately from the
Neumann case of the min—max principle.

Let 2 C R”" be a bounded open set with boundary satisfying the regularity
assumption of Theorem 6.8, i.e., 952 is at least Lipschitz continuous. To avoid
confusion with the Dirichlet case, we write the Neumann eigenvalues as

O=m s=p2=puz=...,

where eigenvalues are repeated according to multiplicity. (The zero eigenvalue could
be repeated only if £2 has more than one connected component.)

The same arguments used in the proof of Theorem 6.18, with H(}(.Q) replaced
by H'(£2), yield the following:
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Theorem 6.23 (Min-Max Principle for Neumann Eigenvalues). Fora 2 C R"
a bounded open set with boundary at least Lipschitz continuous, let Ay denote the
set of subspaces of H'($2) of dimension k. The Neumann eigenvalues of —A are
given by

\V4 2
= m Ve } (6.55)

in max
WeAk{MGW\{O} flu?
for each k € N.

Note that the Neumann version of the min—max formula includes a larger class of
subspaces than the Dirichlet. It follows immediately that the Neumann eigenvalues
will be smaller.

Corollary 6.24 (Dirichlet-Neumann Comparison). Fora 2 C R" as above, the
Dirichlet and Neumann eigenvalues of — A are related by

Mk = Ak,
forallk e N.

Despite this direct comparison between Dirichlet and Neumann eigenvalues, the
domain monotonicity property established for the Dirichlet case in Theorem 6.20
does not hold in the Neumann case. The argument from the Dirichlet case does
not apply here because elements of H'(£2) do not generally admit extensions that
preserve the Rayleigh quotient. We can easily find counterexamples that show the
failure of monotonicity.

Example 6.25. Let $2 be the unit square in R2. Fora € (0, 1], define a rectangle R
inside £2 with vertices (a, 0), (0, @), (1—a, 1), and (1, 1 —a), as shown in Figure 6.8.
Suppose the Neumann eigenvalues of each domain are written as

O=mspo=pr=....

Fora < 1, we have

2

2 w?
2)=mn", R)= ——.
na(2) =n*,  pa(R) 30 —a)?
Thus p3(R) could be either larger or smaller than 17 (£2), depending on whether a
is greater or less than 1 — L O

V2
There is a very restrictive form of the domain monotonicity result that holds for
Neumann eigenvalues. To see this, consider the max—min formula,

2
= max [Vul

min 5 (6.56)
V1 i1 €L2(2) | ueH (@001, v YN0} el
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Fig. 6.8 Counterexample for
Neumann domain multiplicity

0 a 1

If 2 \£2 has measure zero, then H' (.QN) can be regarded as subspace of H!(£2) by
restriction. Moreover, L2(§2) = L?(£2) under this assumption. Since the restriction
map does not change the Rayleigh quotient, we obtain from (6.56) the following:

Lemma 6.26 (Restricted Neumann Domain Monotonocity). Suppose that §2 C
§2 are open subsets of R" with Lipchitz continuous boundary, such that 2\S2 has
measure zero. Then

1k (£2) < i (2)
for each k.

A typical case for Lemma 6.26 is the subdivision of a domain by adding internal
boundaries. For example, a domain with rectangular sides can be cut into a finite
union of rectangles. As noted in Section 6.4.2, such a subdivision causes the
Dirichlet eigenvalues to increase, but by Lemma 6.26 the Neumann eigenvalues
would decrease.

This idea can be used to provide a corresponding lower bound to (6.54). Suppose
{R;} is a finite collection of disjoint rectangles, such that £2 is contained in the union
of the closures of the R;. By the combination of Theorem 6.20, Corollary 6.24, and
Lemma 6.26, we have

M (£2) = e (UR;). (6.57)

Estimating eigenvalues by comparison to rectangles, using a combination of (6.54)
and (6.57), is referred to as Dirichlet—Neumann bracketing.

6.5 Asymptotics of Dirichlet Eigenvalues

In this section we will develop a proof of Weyl’s law, the asymptotic formula for
the eigenvalue counting function N (¢#) mentioned in Section 6.4.2. This asymp-
totic had been conjectured independently by Lorentz and Sommerfeld in 1910.
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Hermann Weyl proved it in 1911, for two-dimensional domains with sufficiently
regular boundary, using the Dirichlet—Neumann bracketing method described in the
preceding section.

Theorem 6.27 (Weyl’s Law). For the Dirichlet Laplacian on a bounded open set
2 CRY,
Na(t) ~ Q1) ""w, vol(£2)13

ast — 00, where w, is the volume of the unit ball in R", (6.50). Equivalently, if the
eigenvalues are arranged in increasing order

2/n
A~ (271)2(#)
wy, vol(£2)

as k — oo.

Example 6.28. In the early nineteenth century, Gabriel Lamé [56] computed the
spectrum of an equilateral triangle using trigonometric polynomials. For an equi-
lateral triangle 7~ with side length ¢, a complete set of Dirichlet eigenvalues (with
multiplicities) is given by

for k, m € N. A sample eigenfunction is shown in Figure 6.9.
We can interpret N7-(¢) as the count of integer lattice points within the elliptical
sector

16n% , 5
E®):=3x>0, y>0, o2 (x“4+xy+y)<tyg.
As in Lemma 6.21, this implies that

N7 (t) ~ area E(1).

Fig. 6.9 A Lamé
eigenfunction on the
equilateral triangle
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In polar coordinates, x2 4+ Xy + y2 = r2(1 + % sin 26), which allows us to compute

902 (T2 de
area E(t) = /
0

1672t 2 +sin20

A
4 Ax’

Since T has area /302 /4, this agrees with the asymptotic stated in Theorem 6.27.
¢

One obvious consequence of Weyl’s law is the fact that the volume of £2 is
fixed by its spectrum. This naturally invites the question of what other geometric
properties of §2 are determined by the spectrum. For example, Ake Pleijel proved
in 1954 [67] that the length of 0£2 is determined by the spectrum if £2 is a two-
dimensional domain with smooth boundary.

The question of whether §2 is completely determined by its spectrum was
memorably formulated in a famous 1966 article by Mark Kac [48], titled “Can
you hear the shape of a drum?” (Kac credits Lipman Bers as the source of this
eloquent phrasing.) The question was answered in the negative by Carolyn Gordon,
David Webb, and Scott Wolpert [38] in 1992. An example of a pair of “isospectral”
domains is shown in Figure 6.10. Many other polygonal counterexamples have been
found. However, for domains with smooth boundary, Kac’s question remains open.

Fig. 6.10 Bounded open sets in R? with the same Dirichlet eigenvalues

6.5.1 Strategy for the Proof

Although Weyl considered only the two-dimensional case of Theorem 6.27, his
Dirichlet-Neumann bracketing argument generalizes easily to higher dimensions.
However, this approach does impose a regularity assumption on 952, arising from
the approximation of £2 by finite collections of rectangles. We can approximate
vol(£2) from the inside by a finite union of open rectangles, to arbitrary precision
with respect to Lebesgue measure. Similarly, we can approximate vol(£2) to
arbitrary precision with a covering by finitely many closed rectangles. The problem
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is that these inner and outer volumes may not be equal. The bracketing argument is
restricted to sets for which vol(9£2) = 0, which are called Jordan measurable.

A different approach to the Weyl asymptotic was introduced by Torsten Carleman
[18]in 1934, based on an asymptotic analysis of the resolvent kernel of the Dirichlet
Laplacian. Carleman’s method paved the way for more modern approaches to Weyl
asymptotics, involving the heat and wave operators. It also yields local information
about the distribution of eigenfunctions; see Exercise 6.5.

Lars Garding [34] later applied Carleman’s approach to the case of arbitrary
uniformly elliptic operators, even possibly non-self-adjoint. Our presentation in
this section essentially follows Garding’s, although we restrict our attention to the
Laplacian to simplify the exposition.

The argument is based on analysis of the asymptotic behavior of the resolvent
of —h?A + 1 as h — 0. The use of the letter /i here reflects the fact that the
Schrodinger operator in quantum mechanics has —/%A as its leading term, where
h is Planck’s constant. The “correspondence principle” of quantum mechanics says
that classical physics should be recovered by rescaling units so that i — 0. Because
of this connection, studying the limiting behavior of an operator such as —h%A + 1
as h — 0 is called semiclassical analysis. (See, e.g., Zworski [97].)

The full proof of the Weyl law is rather involved and will be spread out into a
few subsections. The major steps are as follows:

Section 6.5.2  We work out the asymptotics of the kernel of (—h%A + 1)~ as
h — 0, form € N.

Section 6.5.3  For m sufficiently large, the operator (—h%A + 1)~ is trace-class.
The pointwise asymptotics of its kernel are used to derive a limiting
formula for the trace of (—=h2A + 1) as h — 0.

Section 6.5.4  The resolvent trace is written as a sum over eigenvalues, and the
Weyl formula is deduced from the asymptotic behavior of this sum
as h — 0, using a Tauberian theorem.

6.5.2 Asymptotics of the Resolvent Kernel

On a bounded domain 2 C R", we define the differential operator
P(h) = —h’A +1

for h > 0. For the proof of the Weyl formula, we will need to distinguish
between this differential operator and its self-adjoint extensions on various domains.
Let A(h) denote the realization of P(h) as a self-adjoint operator on L2(92)
with Dirichlet boundary conditions, defined as in Section 6.1, with D(A(h)) =
D(—A) C HO1 (£2). Let Ag(h) denote the self-adjoint extension of P (h) to L2(R™M),
with D(Ag(h)) = H2(R™).
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Note that the inverses A(h)~! and Ag(h)~! are proportional to the respective
resolvents, (—Ap + h~2)~! and —(Ags + h~2)~L. These inverses therefore exist
for all 4 > 0 as bounded operators on L2(£2) and L2(R"), respectively.

The main point of Carleman’s strategy is to analyze the semiclassical limit of a
trace over the eigenvalues of A(h). Although A(h)~! is not trace-class, we can form
a related trace-class operator by taking the power A(h)~" for m sufficiently large.
Our goal is to express the leading term in the trace of A(h)™", as h — 0, in terms
of the kernel of Ay(h)™™.

As a first step, let us work out the explicit formula for the kernel of Ag(h)™". The
case m = 1 was already covered in Section 4.1.3, where the result was expressed in
terms of the modified Bessel function,

1 o0
Ky (z) i= 5(%) /0 et /4 gy (6.58)

forv e Rand z > 0.

Lemma 6.29. For ¢ € Cj°(R") and m > 0,

Ao(hr'"qs(x):fR B (h: 1x — YD () "y,

where

2l=mpy—1/2 "
Dty = 2

L m) T Ky /),

and K, is given by (6.58).

Proof Since the action of Ay(h) is conjugate to multiplication by h2|€|% 4+ 1 under
the Fourier transform,

v 9®)

Ao "9 = 2%
To compute the integral over &, we substitute
1 o 21612
(h2|§|2 + 1)—)11 — / tm—le—l(/’l [E1°41) dt
I'(m) Jo

into (6.59), and then use

/ el'X'E*fh2|§|2 dE = (;;_2)%67|x\2/4th2.



160 6 The Laplacian with Boundary Conditions

Applying these computations to (6.59) yields

¢m(h r) — (47‘[)77 h*n /OO tm7%71€7t7r2/4th2 d[
’ I'(m) 0

The claimed formula then follows by setting z = r/h and v = m — n/2 in the
definition (6.58). O

The next step is to relate the kernel of A(h)™™ to @,,(h;r). The crucial
observation for this purpose is that A(h) and Ag(h) are extensions of the same
differential operator P(h). In the following argument, we will consider a more
general extension f’(h), such that A(h) C I3(h). We will eventually need to apply
this result not just to A(h), but also to the Dirichlet extension of P (k) on a larger
bounded open set containing 2.

Theorem 6.30. Let 2 C R, and suppose that P(h) is a self-adjoint extension of
P (h) with a domain that includes C3°($2). For a fixed m € N, there exists a kernel
function o(h; -, ) C C*®(82 x £2) such that

(451,ﬁ(h)_mzbz)=(¢1,Ao(h)_m¢2)+/9/QQ(h;x,y)¢>1(y)¢2(y’)d”y d"y'

for 1, g2 € CS°(82), with
o(h; x,y) = O(h™),

as h — 0, uniformly on compact subsets of §2 x 2.
Proof Our goal is to find an integral formula for the sesquilinear form on C§°(£2)
defined by
nlgr, d2] = (p1, (P(I)™" = Ao(h)™")2).
Note that, because both ﬁ(h) and Ag(h) reduce to P(h) on Cgo(.Q), we have

n[P(h)" 1, d2] = n[¢1, P(h)" 2] = 0, (6.60)

for all ¢1, ¢ € C3°(£2).

Fix an open set V such that V C £, and assume now that o1, € Cgo(V).
Choose x € C§°(82) such that x = 1 on some open neighborhood of V. We can
deduce from (6.59) that the functions Ag(h)™"¢; are smooth, by the arguments
used to prove Sobolev embedding (Theorem 2.26). Thus, using (6.60) and the fact
that P(h)" A" ¢; = ¢;, we have the identity,

nle1, ¢21 = n[P(h)m(l — Ao $1, P(W)™ (1 — X)Ao(h)fmtﬁz]- (6.61)
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By the formula from Lemma 6.29,

P()™(1 — x)Ao(h) ™ (x) = /V b(x, )¢, () d"y, (6.62)
where
bx,y) = (h2 A+ 1" [(1 = X (@) Pulhi 13 = ¥ |, (6.63)

forx € R",y € V. The function b(-, y) is smooth foreachy € V, because @y, (h, 1)
is smooth for r > 0 and 1 — x vanishes in some neighborhood of V. Furthermore,
for y € V we have supp b(-, y) C supp(Vy), because

(=h2Ax + 1)@, (h; |x — y]) =0 (6.64)
for x # y.

Therefore, we can combine (6.62) with (6.61) and apply Fubini’s theorem to
deduce that

n[¢1,¢>z]=/v/vg(h; v, )1 (y)d"y d"y', (6.65)

where

o(hy y,y') = nlb(-, ), b(-, ). (6.66)

By the properties of b(-, -) noted above, the kernel o(/; -, -) is smoothon V x V.
Since |P(h)~1|| < 1 and ||Ag(h)~!| = 1, we obtain from (6.66) the estimate

lo(h; y, YOI < 216, mINBC, Y)II- (6.67)

The Bessel function K, (z) and its derivatives are O (e~%) as z — +o00. This means
that @, (h; |x — y|) and its derivatives can be estimated by O(e=</M) for ¢ > 0, as
long as |x — y| is bounded away from zero. By the definition (6.63), supp b(-, -) C
supp(Vx) x V. Since dist(supp(Vx), V) > 0, we can deduce from (6.63) that

sup [b(x, y)| = O(e™/™M)
X,y

for some ¢ > 0. Hence (6.67) gives the estimate

sup lo(h; y, y)| = O(e=/M). (6.68)
y,y'eV

The constants in this estimate depend on x and V.
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Suppose we apply the same construction on a larger subset Vp, to produce a
kernel function g1. The fact that (6.65) holds for both o and g1, provided ¢1, ¢2 C
C(‘)>o (V), shows that o1 agrees with o on V x V. Thus, there exists a unique extension
of o to a smooth function on §2 x £2. From (6.68) we can derive the claimed O (h°°)
bound on p in any compact subset of 2 x £2. O

The lack of uniformity in Theorem 6.30 is a technical problem that we will
address in our study of trace asymptotics in Section 6.5.3. At this point we can
only use the result to derive a local version of the asymptotic. Let {¢} denote the
eigenfunctions of —Ap on 2, corresponding to the eigenvalues {A;}. Each v is
also an eigenfunction of A(h)™", with

A ™Y = (WP + 1) .

Setting P(h) = A(h) in Theorem 6.30 yields the following:
Corollary 6.31. Form > n/2,

5 T(m—1
$ i) _ |en s SR+ 0w x,

W2 Hm
= (P + 1) 0™, .

uniformly on compact subsets of 2 x §2 as h — Q.

Proof By the estimate A; =< k%" from Corollary 6.22, the sum

Kpn(h;x,y

Z Y)Yk () (6.69)

(W20 + D

converges in L%(£2 x £2) for m > n/4. This defines an integral kernel for A (k)"
which is therefore a Hilbert—Schmidt operator.
By Theorem 6.30, the integral kernel could also be written as

Kn(h;x,y) = @p(h; |x —y)) + o x,y),

where @,, is the kernel function computed in Lemma 6.29. For the Bessel function
K, (z), we can deduce from (6.58) the asymptotic as z — O,

K,(z) ~2"" T ()27, (6.70)

for v > 0. Therefore, @,,(h; r) is continuous at r = 0 for m > n/2. In this case,
K, (h; -, -) is continuous on £2 x §2. Mercer’s theorem (Theorem 4.23) then shows
that the expansion (6.69) converges uniformly on compact sets.

It now follows from Theorem 6.30 that

Kp(h; x,y) = @p(hs |x — yD) + O(hoo)’
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for m > n/2, uniformly on compact sets. If |x — y| is bounded away from zero, then
the O (h°°) estimate follows from the exponential decay of K, (z) as z — +oo. For
the leading term on the diagonal, we can deduce from (6.70) that

. _ —ﬂr(m_%) —n
D (h;0) = 4m)™ 2 Wh

form > n/2. o

6.5.3 Trace Asymptotics

To complete the proof of Theorem 6.27, we need to establish the analog of
Corollary 6.31 for

o0

—m l
WA= D Gy

k=1

with m > n/2. By Theorem 4.24, the trace can be computed as the integral of the
restriction of the kernel to the diagonal,

w[A() "] = /Q Kn(h; x, x)d"x, (6.71)

where K, (h; -, -) is defined by (6.69). We cannot simply integrate the asymptotic
from Corollary 6.31, however, because that result is not uniform at the boundary.

Theorem 6.32. Let {A;} be the Dirichlet eigenvalues of a bounded open set 2 C
R". Form > n/2,

> 1 _Er(m_%)
Z(h2xk+1)m S T

k=1

vol(2)h™"

as h — 0.
Proof For convenience, set

Cmon = (47-[)_% M
' ['(m)

’

By Fatou’s lemma, multiplying (6.71) by 4" and using the limit from Corollary 6.31
gives
o

1
liminf|:h” > 2—} > Copn VOI(R2). 6.72)
=0 | &= (W + D

In other words, we have established the lower bound half of the claimed asymptotic.
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For the bound from above, we must work around the lack of uniformity in the
estimate of ¢(h; -, ) in Theorem 6.30. For this purpose, let us consider a slightly
larger bounded open set 2 C R", such that 2 O 2. Let B(h) denote the Dirichlet
extension of P(h) on Q.

We claim that

(AT ) < (f. BUDT £) (6.73)

for f € L?(£2), where on the right-hand side f is interpreted as an element of
L?(£2) after extending by zero. To show this, let B[, -] denote the inner product on
Hg (£2) associated with B(h),

Blu, v]:= (u, B(h)v).
For f € L%(£2),
(f. A~ f)=(BMWBW™ f, A~ f)
= B[BIW~' £, A~ f].
Thus, by Cauchy—Schwarz,
(£ AW~ P < B~ I A~ 1]
= (£, B~ f) (AW~ £, BA) ' f).

(6.74)

Because A(h) C B(h), we have
BIAIW ™' f = f

for f € L%(82). Thus (6.73) follows from (6.74).

Since the estimate (6.73) is restricted to functions on the smaller domain, in order
to make use of it we need to introduce a cutoff version of B(h)~!. Let Pp be the
restriction map Lz(ﬁ) — L2(£2), and define

Q(h) := PoB(h)™",

as an operator on L%(£2). Since B(h)~! is positive and compact, Q(h) is also
positive and compact. The eigenvalues of Q(h) are bounded above by those of
B(h)~', by the max—-min principle (Theorem 4.22). Hence Q(h)™ is trace-class
form > n/2.

From (6.73), we have

(LA ) <(f Q) f)

for f € L?(£2). Thus, the max—min principle also implies that the eigenvalue
(W?xx + D71 of A(h)~! is bounded above by the kth eigenvalue of Q(h). For
m > n/2, it follows that
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oo

1 m
Z W+ <u[Q(h)"]. (6.75)

k=1

Now the goal is to analyze tr[ Q (h)™] in the limit & — 0. Taking I5(h) = B(h) in
Theorem 6.30 shows that Q (k)™ is represented by an integral g,, (h; x, y) satisfying
the pointwise asymptotic

gm(h; x,x) = Cm,nh_n + O(hoo), (6.76)

for m > n/2, where the O (h°°) remainder term is smooth as a function of x. By
Theorem 4.24,

u[Q)"] = /qu(h; x,x)dx. (6.77)

To complete the proof, the idea is to use dominated convergence to take the limit
(6.76) inside the integral in (6.77). This requires a uniform bound on g, (h; x, x).

To obtain such a bound, we will exploit the fact that the integral kernel of Q (k)
is the restriction to £2 x £2 of the kernel of B(h)~!. Thus, applying Theorem 6.30
to B(h)"!'on 2 yields the asymptotic

qi(h; x, y) = @1(h; |x — yD) +o1(h; x, y), (6.78)

for x # y, where gi(h; -, ) is smooth and uniformly O(h*°) on £2 x £2.
Theorem 6.30 applies directly to g, only in the case m = 1, because Py does
not commute with B(k)~'. However, we can exploit (6.78) by writing g, as an
m-fold convolution of g;.

Using the fact that K_, (z) = K, (z), we have

®1(hyr) = Qr) "R R T2 K o () ).

By the asymptotic (6.70), and the fact that Ko(t) ~ —logt as t — 0T, we can thus
estimate, for some § > O (needed only if n = 2),

|®1(h; ht)| < Ch"> 7" 0™
for all + > 0. If we set
w(z) = |z* "Il (6.79)
then from (6.78) we can estimate
lg1(h; x, y)| < Ch™"w((x —y)/h), (6.80)

where C depends on n and §, but not on x, y or h.
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Writing g, as the m-fold convolution g; * - - - * g1 gives

m—1

qm (h; x, x) =/ q1(h; x, y1) ... q1(h; Yim—1, X) ]_[ d"yj.
2X--x$2 j=1

If we then set y; = x + hz; and use the estimate (6.80), this yields

(o (B 3, )] < Ch—"/
(

Rn(m—1

m—1
wEDWE —22) .. wzmo1) [ [ dzj. (6.81)
j=1

The remaining integral can be estimated with a repeated application of Young’s
inequality (Theorem A.15),

m—1

/ wEDWE —22) - wEm-1) [ [ @2 < Clwlon-)-
Rn(m—1) j—l

From (6.79), we can see that w € LP(R") for p < n/(n — 2 + §). Thus, w €
L™/ m=D(R™) for m > n/2 and the integral in (6.81) is therefore finite. This yields
a uniform bound

|gm (h; x, x)] < Ch™",

for x € 2.
Returning to (6.77), we can multiply by 4" and apply the dominated convergence
and the pointwise limit (6.76) to deduce that

lim (h" tr[Q(h)’"]) — Cpon VOI(82).

Thus, by (6.75),

o

. 1

ll;njgpl:hn § m] < ¢ p VOI(£2), (6.82)
k=1

which is the upper bound half of the asymptotic. In combination, (6.72) and (6.82)
give
> 1
lim | A" — | = 1(£2),
hEHJI: ,; (W2 + 1)m] m,n VOI(£2)

which completes the proof. O
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6.5.4 The Tauberian Argument

The final step in establishing the Weyl formula is to extract asymptotics of
the sequence {A;} from the limit in Theorem 6.32, using a Tauberian theorem.
The name comes from a result proved by Alfred Tauber in 1897 that says if
lim, - > o2 a,r" = A and a, = o(1/n), then Y 2 a, = A. This basic
result admits a wide variety of powerful generalizations. The relevant version for
our purposes is the following:

Theorem 6.33 (Karamata’s Theorem). Let u be a measure on [0, 00), such that
e~ is integrable with respect to du(x) for each t > 0. Suppose that for o > 0,

o0
/ e Mdu(x) ~ At™?, (6.83)
0

ast — 0% (ort — 00). Then

A o

MO~ e s

as s — oo (ors — O, respectively).

Proof The proofs are quite similar, so we consider only the case t — 07. Define a
family of measures v, by

dvi(x) =% "du(x/t)

For ¢ > 0,

o0 o0
/ e Y dvi(x) = t"‘/ e~ D g (x).
0 0

Thus, the hypothesis (6.83) gives

e¢]

lim e dv(x) =Alc+ 1% (6.84)

t—0% Jo

We can express the right-hand side of (6.84) in terms of a limiting measure

A
dvp(x) := ——x*"le™ dx,

I'a)

which satisfies

[OO e T dvy(x) =Alc+1)7°.
0
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By the asymptotic (6.84), we have

o0 o0

lim e Y dv(x) = / e dyy(x), (6.85)
0

t—0% Jo

forall ¢ > 0.
To extend (6.85) to a broader class of functions, we introduce the algebra

m
A= {Zaje_c-fx cajeR,cj > O}.
j=1

For f € A, it follows immediately from (6.85) that

1m1f fdw=i/ f dwo. (6.86)
0 0

t—0t

Let Cyp (@.h R) denote the set of continuous real-valued functions on [0, co) that
vanish at co. By the Stone—Weierstrass theorem [77, Thm. 7.32], A is dense in
Co(R,,R) with respect to the uniform topology. The measures v, are uniformly
bounded, since lim,;_, g+ v;[0, 00) = 1[0, o0) = A. Therefore (6.86) holds for all
f € CoRy, R).

Now for § > 0, let

1, x € [0, 1],
fos) (1 —(x—=1)/8, xe(,1496),
0, x> 1.

Then

1 00
/() exdut(x)ffo e’ f5(x) dv(x),

and taking the limit of both sides using (6.86) gives

1 o)
limsup/ e du; Sf e’ fs(x) dvp(x)
0 0

t—0t
1
< / e* dvo(x) + C8.
0

Hence,

1 1
limsup/ e“duy, 5/ e* dvy.
t—0t+ JO 0



6.5 Asymptotics of Dirichlet Eigenvalues 169

Combining this with the corresponding continuous approximation of xjo,1; from
below yields

1 1
lim e dv(x) = / e* dvp(x) (6.87)
0

t—0t Jo

This is the claimed result, since

1
,u,[O,s]:s“/ e’ dviys(x),
0

and

1 . A
A e dVO()C)Zm.

O

With Karamata’s Tauberian theorem, we now have all the ingredients for the
proof of the Weyl asymptotic.

Proof of Theorem 6.27 Form > n/2, let
N |
t) = —_.
s é (hic + 1)

We can write this in terms of the counting function Ny, (¢) as a Stieljes integral,
> 1
S ———dNg(x). 6.88
g(1) /O G iNe (6.88)
Setting & = 1~!/2 in Theorem 6.32 gives the asymptotic

g~ A%tm% 6.89)

ast — 0o, where
A= (47) 7% vol(£2).
For the integrand in (6.88), we can set

11
(x+1t)m  T(m)

00
/ ym—le—(1+x)y dy.
0
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After switching the order of integration using Fubini’s theorem, this gives
1 o0 1 '
(1) = —/ Y e T f(y) dy, (6.90)
I'(m) Jo
where
*© ,
)= [N,
0

Theorem 6.33 (Karamata) now applies to the integral (6.90). From the asymptotic
(6.89) we deduce that

n

: m—1 A m—=>5
/Oy f)dy ~ z, (6.91)

s
(m—%)

ass — 0.

To proceed, we would like to differentiate (6.91) with respect to s. Although
differentiation of asymptotic limits is not generally possible, we have an advantage
here in the fact that f(y) is monotonically decreasing. For & € (0, s) this gives

/‘ . Y ) dy = k(s — )" f(s),
or
1 * m—1
16) = et [ " 0. (692)

For convenience, set v := m — n/2, so that the right-hand side of (6.91) is avlsV.

Fore > 0and u < ¢,

< é&.

u
u’”/o Y () dy —av!

Applying this to the integral in (6.92) yields

Av~sY — (s — h)V] + 2es”

fls) < G

for0 < h < s < c,. Setting h = /es then gives

f&) _ AvTIH1 — (1 = /e)¥] + 2¢
gv—m — \/5(1 _ﬁ)m—l ’
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As s — 0 we can also take ¢ — 0, so that

LS A= (- B 2
1m su 1m
s—>0+p ST T e 0t \/E(l - \/E)m_l

= A.

As similar argument based on the integral from s to s + & shows that

liminf 2 &)

s—0t sv—m

> A.

Therefore, f(s) ~ As"~™™ as s — 0T, which translates to
f(s) ~ As™2. (6.93)
Applying Karamata’s theorem to f(s) yields

n

No(x) ~ mx ,
as x — 00. Since
A —n
m = 2n) " w, vol(£2),
this completes the proof. O

6.6 Nodal Domains

The nodes of a vibrating string are the positions on the string that remain at rest
during the vibration. For a “pure tone” solution which exhibits a single frequency,
the spatial component is an eigenfunction, and the nodes correspond to its zeros, as
illustrated in Figure 6.11. Since the kth eigenfunction is proportional to sin(wkx /£),
it has exactly k — 1 nodes. This property holds for more general one-dimensional
eigenvalue problems, by the Sturm—Liouville theory.

Let £2 C R" be a bounded open set, with Dirichlet eigenvalues {A;} written in
increasing order as above. As noted earlier, we can assume that the eigenfunctions

Fig. 6.11 A string nodes
eigenfunction with two nodes
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Yy are real-valued, by separating the real and imaginary parts if necessary. The
nodal domains of v are defined to be the connected components of the open set
{Yx # 0} C $2. Figure 6.12 shows a sample nodal domain plot for a triangle.

Fig. 6.12 The 128th
eigenfunction of the
equilateral triangle has 30
nodal domains

O

S,

We would naturally expect the nodal pattern to become more intricate as the
frequency increases. The relationship can be quantified by estimating the maximum
possible number of domains for each eigenfunction. We first consider the case of
the eigenfunction 1 corresponding to the bottom of the spectrum.

Theorem 6.34. Let 2 C R”" be a bounded, connected open set. The lowest
Dirichlet eigenvalue )1 is simple, and its eigenfunction has a single nodal domain.

Proof Let {y;} be the orthonormal basis for L2(£2) consisting of Dirichlet
eigenfunctions. We can split v into positive and negative components by setting

i () = max{y (x), 0}.
To check that these components lie in Hg (£2), let

—e2/(t—e)?

te r>e€,

F.(t) .=
0, t <e.

Then F; o ¥ is smooth, by the interior regularity of i1 (Theorem 6.15), and has
support equal to {1 > €}, which is compact. It is easy to check that F; o yy; — 1/r1+
as ¢ — 0, with respect to the H' norm, proving that wﬁ € HO1 (£2). A similar
argument applies to ¥, .

Since the supports of 1//1+ and ¥, intersect in a set of measure zero, both the
functions and their derivatives are orthogonal. In particular

M= VYL = IV 12+ IVl (6.94)
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On the other hand, we have
IVYEI® = alyi)?
by (6.20), and ||1//1+||2 + ||1/ff||2 = 1. In view of (6.94), this shows that
VY = Al (6.95)
Since v is nonzero, at least one of the components wli must be nonzero. After

adjusting the sign, if needed, let us assume that llffr is nonzero. If the basis expansion
of 1//1Jr is denoted by > cx ¥k, then (6.95) implies that

o0 o0

2 2
D alerl? =a) el
k=1 k=1

Since A > A1, we conclude that ¢, = 0 unless Ay = A1. In other words, 1//1Jr is a
linear combination of eigenfunctions with eigenvalue A;. Therefore, 1//1+ is itself an
eigenfunction. Unique continuation (Corollary 6.16) then implies that wfr cannot
vanish on a nonempty open set. Therefore supp 1p1+ =2 and y; > 0.

To prove the simplicity of the first eigenvalue, suppose that A; = Aij. The
argument above then applies to ¥, also, which means that ¢ > 0 in £2. This is
a contradiction, because {1 and ¥, are orthogonal. Therefore A, > Aj. a

Following Theorem 6.34, we adopt the standard convention that ¥r; > 0. This
inequality can be sharpened in the interior by noting that iy > 0 implies that
—AY = My = 0, ie., ¥ is superharmonic. Superharmonic functions satisfy a
strict minimum principle: a local minimum cannot occur at an interior point unless
the function is constant. (See, e.g., [13, Thm. 9.5].) Thus ¥; > 0 on £2.

In 1923 Richard Courant used an extension of the argument we have given
for i to prove the following bound on the number of nodal domains for higher
eigenfunctions.

Theorem 6.35 (Courant). The Dirichlet eigenfunction i, has at most k nodal
domains.

Proof Suppose that ¥ has at least k nodal domains. We label these as Vi, ..., Vi,
and define the restrictions

Dy . | V), x €V
Vie ) 0, x¢ Vi

for j =1, ..., k. Note that each 1//,§j ) e HO1 (£2) by the argument used in the proof

of Theorem 6.34.



174 6 The Laplacian with Boundary Conditions

Counting dimensions shows that there exists a nonzero element u €
span{w,gl), ey w,gk)} such that u is orthogonal to each y; fori =1, ...,k — 1. The

eigenfunction basis decomposition of u thus has the form

oo
W=y (i, ).
i=k
This implies that
o
IVul® = xiltyi, w). (6.96)
j =k

On the other hand, since u is a linear combination of disjoint components of V., we
can argue as in Theorem 6.34 that

oo

IVa > = aellull> = 2 Y1 u) 2.

i=k

Comparing this to (6.96) shows that (¥;, u) = 0 unless A; = Ak, implying that u is
itself eigenfunction with eigenvalue A.

By construction, u vanishes outside Vi U --- U Vi, but unique continuation
(Corollary 6.16) implies that u cannot vanish on an open set. It follows that v
cannot have more than k nodal domains. O

6.7 Isoperimetric Inequalities and Minimal Eigenvalues

In 1894 the physicist Lord Rayleigh conjectured that among all vibrating mem-
branes of a given area, the lowest fundamental tone is attained only if the membrane
is circular. In other words, among all bounded open sets £2 C R2 of a fixed area,
the disk is the unique minimizer of A1 (£2). From the calculation in Example 6.2, we
can see that for a disk in R? of radius r, the lowest eigenvalue is

M) = jg

where jo 1 & 2.4048 is the first zero of the Bessel function Jy. By scaling, we can
thus state Rayleigh’s conjecture in the form

p)
Jo,1

r1(£2) = ol 2)”

This result was proven independently by Georg Faber and Edgar Krahn in the 1920s.
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Theorem 6.36 (Faber—-Krahn Inequality). Suppose that 2 is a bounded open
set R", and let B C R" be a ball with vol(B) = vol(§2). The lowest Dirichlet
eigenvalues satisfy,

A1(82) = A (B), (6.97)

with equality only if $2 is a ball.

We can make the inequality in Theorem 6.36 more explicit by computing the
lowest eigenvalue of the unit ball B” C R”. A straightforward generalization of the
calculation from Example 6.2 gives

M®B) = Jji_;-

where Jio1a denotes the first zero of the Bessel function Jo_y. Using scaling and

the fact that vol(B) = n3 / F(% + 1), the inequality (6.97) can be written as

2
T
Ja_1,1

21(82) = vol(2) n — 21—
NGRS

The Faber—Krahn inequality is a consequence of the classical isoperimetric
inequality. Suppose U is a bounded open subset of R” with C! boundary. If B is a

ball with the same volume as U, then
area(dU) > area(dB), (6.98)

with equality only if U is a ball. Here “area” refers the (n — 1)-dimensional
hypersurface area in R". For the proof of (6.98), see, for example, Chavel [20,
Thm. [11.2.3 & 111.2.4].

The derivation of Theorem 6.36 from the isoperimetric inequality relies on
a change-of-variables formula for the decomposition of an integral in terms of
level surfaces, called the co-area formula. Although the co-area formula can be
generalized to include functions with minimal regularity, we will limit our attention
to the relatively simple smooth case, following a proof given in Chavel [19, §IV.1].

Lemma 6.37 (Co-area Formula). Suppose that 2 C R" is a bounded open set,
and f : §2 — R a smooth function. Let I C R be a bounded interval that contains
only regular values of f. For g € C(82),

8
gd"x:// —— dS; dt, (6.99)
/f—l(l) 1 Jir=ny IVS1 '

where d S; denotes the surface area element on {f = t}.

Proof 1t suffices to prove the integration formula in the neighborhood of a point a
such that f(a) =1y € I.Leto : U ¢ R"~! — R” be a regular parametrization
of a neighborhood of a in the level surface {f = f(a)}. We can define a
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local parametrization of the level surfaces by integrating the normal vector field
Vf/IVfI2, starting points in the patch o (U). That is, for each y € U, let @ (y, t) be
the trajectory in R” such that

\%
! (®(y,1)). (6.100)

Q(yvt()) = G(y), 8;@()),1‘) = W

Existence and uniqueness of solutions of (6.100) are guaranteed for |t — #y| < §
with § > 0 sufficiently small, by the Picard—Lindel6f theorem from ODE theory
(see Theorem 9.8). Moreover, @ is smooth and defines a local coordinate system
for R” in some neighborhood of a.

By the chain rule,

0 f(@(y, 1)) =Vf(P(y,1) 3 P(y, 1)
=1.
Since f(@(y, ty)) = ty, this shows that
f(@k,0) =1,

for all |t — 1g| < 6.
By the standard Jacobian formula, the volume form on R” translates to the
coordinates (y, t) as

d"x =

AP A® 0P
det| —, ..., ——, — || d" 'y dr. (6.101)
ayi dyp—1 Ot

On the other hand, under the parametrization y — @ (y, t), the surface area element

on { f =t} is given by

ds, = d"ly, (6.102)

|:3<D 09 i|
det| —, ..., —, v
8y1 8yn—l

where v denotes the unit normal. Since v = Vf/|Vf], we have (6.100), and we have
Lo
= |Vf| —.
v =|Vf] Y
A comparison of (6.101) and (6.102) shows that

1
d"x = ——dS, dt,
IV/]

within the coordinate patch covered by @. This local argument applies wherever f
is regular. O

With the co-area formula, and assuming the isoperimetric inequality, we are now
prepared to prove the Faber—Krahn inequality.
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Proof of Theorem 6.36 Let ¢ be an eigenfunction of §2 with eigenvalue 1. The
strategy for the proof is to compare the Rayleigh quotients of ¢; with those of a
radial function v called the symmetric decreasing rearrangement of ¢1.

By Theorem 6.15, ¢ is an analytic function, and by Theorem 6.34 we can
assume that ¢; > 0 within 2. Let T = maxg, ¢, and define R C [0, T'] to be the
set of regular values of ¢;. By Sard’s theorem, the set of critical values [0, TI\R
has measure zero.

Consider the decreasing function V on [0, T'] defined by

V() :=vol{x € 2 : ¢1(x) > t}.

By the inverse function theorem and the smoothness of ¢, V (¢) is smooth for all ¢ €
R. The analyticity of ¢; implies that critical points are contained in submanifolds
of lower dimension. In particular, the set of critical points of ¢; has measure zero,
and hence V is continuous on [0, T'].

For each ¢ € [0, 1], let r(¢) be the radius of a ball with volume equal to V (¢), i.e.,

_ V(t) 1/n
r(t) = (vol(IB%)) .

By the properties of V (¢), r(¢) is decreasing and continuous on [0, 7], and smooth
on R. Thus r(¢) admits an inverse function ¢ : [0, ro] — [0, T']. We can interpret
¥ (r) as a radial function defined on the ball B(0, ry). By construction we have that

vol{yr > 1} = V(1). (6.103)

This is the defining condition for the symmetric decreasing rearrangement.
The next step in the proof is to check that symmetric rearrangement preserves
the L2 norm. First, note that since [0, TT\'R has measure zero, the co-area formula

(6.99) implies that
T
ds
V() = / / dt
¢ Jigi=n) V1l
Therefore,
ds
V() = —/ . (6.104)
(¢1=1) V1l

We can thus compute that

Il = / 62 d"x
/ / 2 dS dt
(=) Vil

= —f 12V (1) dt.
0
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Since this equation involves only V (¢), we deduce from (6.103) that

111 = lg11I>. (6.105)

The next step is to compare ||V¢q || with [V ||. By the co-area formula,
) T
wolr= [ [ valasar (6.106)
0 Jigi=t}

with a similar expression for |V ||2.
For t € R, the inner integral can be estimated in terms of the area of the level set
by an application of the Cauchy—Schwarz inequality,

2
area({¢) = z‘})2 = </ dS>
{p1=t}
ds
V1| dS ,
= </{¢1=t}' 7l ></{¢1:t} |V¢1|)

In view of (6.104), this gives the estimate

(area{g) = 1})?
/{¢1:,}|V¢1| ds > —v (6.107)

Since vol({¢1 > t}) = vol({yy > t}), by construction, and {; = 0} is smooth for
t € R, the isoperimetric inequality (6.98) implies that

area{¢) = t} > area{y = t}, (6.108)

with equality only if {¢; = t} is a sphere. Note also that, since ¥ is radial,

ds
area({yy = 1})> = (/W_ }WW dS> (/{,,,_} IVW)
_ _v/m( vl dS)-
fovs

Thus, by (6.107) and (6.108),
/ IV¢1|dSz/ V| dS (6.109)
(1=1) (=)

for t € R, with equality only if {¢p; = ¢} is a sphere.
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Applying (6.109) to (6.106) now shows that
V1112 = IV, (6.110)

with equality only if {¢; = t} is spherical for all # € R. Equality thus occurs only if
¢1 is radial, implying that £2 is a ball. |

A unique symmetric decreasing rearrangement can be constructed for any
measurable function R” — R. The bound (6.110), which is the essential point
in our proof of Faber—Krahn, is called the P6lya—Szeg6 inequality [68]. It can be
proven directly, without relying on an isoperimetric inequality; see, e.g., Lieb and
Loss [59, §7.17].

The Faber—Krahn inequality is part of a family of isoperimetric results for
eigenvalues in different contexts. For example, the Szeg6—Weinberger inequality
[88, 95] gives an analog of Faber—Krahn for Neumann eigenvalues. Let £2 C R” be
a bounded open set with smooth boundary 9£2. If B is a ball with the same volume
as §2, then

n2(82) < pua(B),

with equality only is £2 is a ball.

Another famous result, originally conjectured by Payne, Pdlya, and Weinberger
[65], was proven in 1990 by Ashbaugh and Benguria [5]. This says that the ratio
of the first two Dirichlet eigenvalues, A>/A1, is minimized for the sphere. In
particular, to determine whether a drum is circular, it is enough to hear the first
two eigenfrequencies.

6.8 Exercises

6.1. On L?(0, 1), let A be the self-adjoint extension of the Laplacian —d? with the
Robin boundary conditions,

O =af0), f1)=-af),
for a constant & € R, defined as in Example 3.32.

(a) Show that A is positive for « > 0 and semi-bounded, as defined in (3.25),
for & < 0. [Hint: To estimate | £(0)|> and | £(1)|? in terms of | f|| and || f'||,
integrate the derivative of (2t — 1)| f(¢) |2.]

(b) Prove that A has discrete spectrum.
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(c) Let A1 < Az < ... be the eigenvalues of A. Prove that

Ay = min max Qqlulyt,
WeA, |ueW, |lul=1

where Ay denotes the set of k-dimensional subspaces of H 10, 1) and
Oulu] i= /|2 + & (Ju @ + lu(D)
(d) For @ > 0, use the min—max principle to prove that
2k — 1) < ay < w2

6.2. Suppose that £2 C R" is a bounded open set, and that {£2;} is a sequence of
open sets such that

21 CS2H C...,

with £2 = U$2;. Let 1, (£2;) denote the kth Dirichlet eigenvalue of §2;, and similarly
for £2. Use the min—max principle to show that, for each k,

lim A (2)) = A (82).
J—>00

6.3. Let A be the lowest Dirichlet eigenvalue of a bounded open set £2 C R”.
For a finite-dimensional subspace A C Hol(.Q), define B to be the Rayleigh—Ritz
approximation to A; defined by (6.46). Suppose that the orthogonal projection Q
onto AL is bounded as an operator on H(} (£2). Estimate 81 — A in terms of the
operator norms of Q acting on L2(£2) and HO1 (£2).

6.4. On an open set 2 C R", let L be the differential operator,

Lu:=— Y 3[aij(x)0ul, (6.111)

ij=1
where the coefficients a;; € C®(2:R) satisfy a;; = aj; for all i, j. Assume that L

is uniformly elliptic on §2, which means that there exists ¢ > 0 such that

n

Y aij(0EE; = clEP, (6.112)

i,j=1

forall x € £2 and & € R".
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(a) To define the Dirichlet self-adjoint extension of L to L2(£2), set
D(L) :={u € H}(2) : Lu € L*(2)},

where Lu is defined in the weak sense. Prove that L is a positive self-adjoint
operator on this domain.

(b) If £2 is bounded, prove that L has discrete spectrum with strictly positive
eigenvalues.

6.5. Prove Carleman’s local version of the Weyl asymptotic: The Dirichlet eigen-
functions {1} of a bounded open set £2 C R” satisfy
1
1 & — o’
lim — "y ()P (y) = { Vol(£2)
k=1

m—oo m
0, X # y.

X =Y,

6.6. The wave equation for vibrations of a metal plate involves the biharmonic
operator (or “bi-Laplacian”) AZ. For a bounded open set 2 C R”, let A denote
the Friedrichs extension of A acting on C°(£2). Prove that A has purely discrete
spectrum by showing that D(A) C HO1 (£2). [Hint: You can estimate the H! norm in
terms of the quadratic form Q[u] := || Au||? by exploiting the positivity of (A—1)2.]

6.7. On the interval [0, 1], define the differential operator
Lu = —(pu')’,

where p € C®°[0, 1] is strictly positive. Define the Dirichlet realization of L
on L2[0, 1] as in Exercise 6.4. Let {rx} be the eigenvalues of L, in ascending
order, with {¢x} the corresponding real-valued eigenfunctions. You may assume
that the eigenfunctions are contained in C*°[0, 1], which is a consequence of elliptic
regularity.

(a) Prove that the eigenvalues satisfy strict inequalities,
O<Xli<Xi<....

(b) For each eigenfunction ¢, consider t — (p¢’, ¢) as a parametrized curve in
R2. We can assume that ¢’(0) > 0, so that the curve starts on the positive real
axis. Let n denote the polar-coordinate angle of (p¢’, ¢), traced continuously
starting from 7(0) = 0. Show that 5 is a smooth, strictly increasing function on
[0, 1].

(c) Let n; denote the angle function associated with the eigenfunction ¢y, defined
as in (b). Show that ng41(t) > ni(¢) forall ¢ > 0.

(d) Use (c) to prove that ¢y has exactly k nodal domains.



182 6 The Laplacian with Boundary Conditions

Notes

For more background on the Friedrichs extension method used in Section 6.1, see
Davies [24, §4.4], Reed and Simon [70, §X.3], or Schmiidgen [80, Chapter 10].
The most general versions of the Sobolev space results discussed in Section 6.2 are
developed in Gilbarg and Trudinger [36, Chapter 7].

Weyl’s law has been adapted to many other settings and sharpened in various
ways. For more on this extensive history, see the survey articles by Arendt et al. [1]
or Ivrii [46]

The Faber—Krahn inequality is covered in detail in [20]. For background on
related inequalities, see the survey article by Ashbaugh [4].



Chapter 7 )
Schrodinger Operators e

In quantum mechanics, the motion of a single particle in R" is described by a
normalized state function ¥ € LZ(R"), such that |y|? is the probability density
for the particle’s location. Observable quantities such as energy and momentum
are represented by (unbounded) self-adjoint operators on L?(RR"). For example, the
classical coordinate x; is represented by the multiplication operator My, and the
momentum component p; by the differential —i71dy;, where i is Planck’s constant.
The possible values of an observable are given by the spectrum of the associated
operator, and the distribution of these values for a particular quantum state y
corresponds to its spectral decomposition.

For a classical particle of mass m the kinetic energy is p*/2m. If the potential
energy is represented by a real-valued function V(x), the classical total energy
(called the Hamiltonian function) is

»?

E=—+4+VX).
2m+ *)

The quantum version of the Hamiltonian, according to the prescription described
above, is the operator

hZ
H=——A+YV (7.1)
2m
(with the potential acting by multiplication).

An operator of the form (7.1) is called a Schrodinger operator. In 1926, Erwin
Schrodinger applied the quantization scheme described above to the case of the
electron in a hydrogen atom, where V (x) is the Coulomb potential for the electric
field generated by a single proton, assumed to be fixed at the origin. In Gaussian
units this potential is given by
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2
Vix) = —QT, (1.2)

where ¢ is the elementary charge, and » := |x|. Schrodinger showed that
the spectrum of the associated Hamiltonian has discrete spectrum below zero.
Moreover, the eigenvalues correspond precisely to the energy levels that Niels Bohr
had postulated for atomic hydrogen in 1913 to explain absorption and emission
lines of hydrogen gas observed in the nineteenth century. This derivation of the
empirical result from the spectrum of H was a major achievement for the new
quantum mechanical theory.

For mathematical purposes, we usually scale out the physical constants and write
a Schrodinger operator as

H=-A+V.

In this chapter we will develop the spectral theory of Schrodinger operators for
various classes of real-valued potentials on R”. Although the case n = 3 is of
special importance, there are physical situations, usually involving crystal lattices,
where particle motion is limited to one or two dimensions. Moreover, systems
with multiple interacting particles are described by Schrodinger operators on higher
dimensional spaces.

If we assume that the potential V is real-valued and locally L?, then H is well
defined as a symmetric operator on C3°(R"). As we have seen in Examples 3.23
and 3.26, the Laplacian itself is essentially self-adjoint on C{°(R"), with the
domain of the self-adjoint extension given by H?(R"). Thus, under the additional
assumption that V is bounded, Lemma 3.27 implies that H is essentially self-adjoint
on C{°(IR") and self-adjoint on H 2(RM).

These assumptions on the potential are too restrictive for many problems in
quantum mechanics. The Coulomb potential (7.2), for example, is singular and
unbounded. Establishing self-adjoint extensions for a broad class of potentials
that includes the important physical cases is a fundamental goal in the theory of
Schrodinger operators. If we can show that a quantum Hamiltonian operator is
essentially self-adjoint on C3°(IR"), then its spectrum is canonically defined and
not dependent on other choices.

7.1 Positive Potentials

Because the Laplacian is a positive operator, it is possible to establish the essential
self-adjointness of —A + V under fairly general conditions when V > 0. In
fact, since shifting V by a constant does not affect the extension properties, the
results that we develop for the positive case extend immediately to potentials which
are semi-bounded, meaning pointwise bounded from below. This shift is a trivial
adjustment, so in this section we will restrict our attention to the case V > 0 for
convenience.
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7.1.1 Essential Self-adjointness

By the criteria given in Theorem 3.30 and Exercise 3.11, the essential self-
adjointness of —A + V on Cgo (R™) can be proven for V > 0 by establishing that
(—A 4+ V)* 4+ 1 is injective. As we will see below, this amounts to ruling out any
possible weak L? solutions of

(—A+V + Du = 0. (7.3)

We first consider the relatively straightforward case where V is locally bounded.

Theorem 7.1. Suppose that V € Ly (R") is real-valued with V- > 0. Then —A+V
is essentially self-adjoint on C3°(R").

Proof Let A = —A + V with the domain D(A) = C;°(R"), and consider u €
D(A*). In order to apply results from vector calculus, we want to show that u is at
least locally H2.

For ¢y € C°(R"), it is easy to see from the definition of the adjoint domain that
Yu € D(A*) also. This means that (—A + V)yu € L%(R"), with the derivative
defined in the weak sense. Since Vu € L? by the assumption that V is locally
bounded, we conclude that —A(yu) € L*(R"). Taking the Fourier transform
implies that |£]2%u € L2(R"), which gives yu € H2(R") by (2.26). Since ¥
was arbitrary, this argument shows that

D(A¥) C HE (R™).

Our main goal is to show that A* 4 1 is injective. For u € D(A*) assume for the
sake of contradiction that

(A*+ Du =0. (7.4)
This is equivalent to the statement that
(u,(—A+V+1¢)=0 (7.5)

for all ¢ € C(‘)>o (R™). In other words, u is a weak solution of (7.3). The left-hand
side of (7.5) is continuous as a function of ¢ with respect to the H? topology.

Therefore, since u € HI%C(R”), for x € C3°(R") we can use approximation of

qu by functions in Cgo (R™) to show that
(u, (A +V + Dy’u)=0.
Since V > 0, this implies

lxul® < (u, AGCu)). (7.6)
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We can deduce from Green’s formula that
(e, AGCW) = UV x I = 1V Gan) |
< uvxl?.
By (7.6) we thus have
lxul® < uvx|?. (7.7)

Now assume that x (x) has the form 2(|x| — R), where A(¢) = 1 forr < 1 and
h(t) = 0fort > 2. Letting R — o0 in (7.7) shows that u = 0.

We conclude that A*+1 is injective. This proves that A is essentially self-adjoint,
by the variant of Theorem 3.30 given in Exercise 3.11. O

It is possible to improve the result of Theorem 7.1 by weakening the hypothesis
toV e leoc(.Q). In this case, the argument that (—A 4 V)* + 1 is injective relies on
a distribution theory result known as Kato’s inequality. For details, see, e.g., Hislop

and Segal [44, Ch. 8].

7.1.2 Quadratic Form Extension

Another approach to the problem of self-adjoint extension of —A + V is the
Friedrichs extension method discussed in Section 3.4.3. Defining extensions in
terms of quadratic forms has the great advantage that the form domains are generally
simpler than the domains of the corresponding operators.

The Friedrichs method provides a useful complement to the direct arguments
used in the previous section. Although Theorem 7.1 gives no information on the
exact operator domain, it does establish the crucial property of essential self-
adjointness. The Friedrichs method applies more generally and yields a description
of the operator domain, but it leaves essential self-adjointness as a separate issue.

Theorem 7.2. Suppose V € L! (R") is real-valued with V > 0. Then

loc
Ho:={feH'®RY): VifeXRY) (7.8)
is a Hilbert space with respect to the inner product

Q[f?g] = <f’ g)Hl + (f’ Vg>

There exists a self-adjoint extension of —A + V, with domain

D(-A+V):= {u €Ho: fr QOlu, flextends to L*(R")
(7.9)
as a bounded functional },
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such that

Olf. gl =(f, (—A+V +1g)
forall f,g e D(—A+ V).

Proof Because V > 0, it is clear that Q[-, -] defines an inner product. To prove
completeness, suppose that {u#,} C D(—A + V) is a Cauchy sequence with respect
to the norm ||| o associated with Q. Because

lull g < llullo,

{u,} is Cauchy and thus converges to some u# € H'(R").
Since

V4 D2 <1flon

{(V+1) 5 up} is also Cauchy with respect to L?. Hence there exists some & € L2(R")
such that

(V +1D)2u, — h (7.10)

in the L? sense. This implies that u, — (V + 1)7%h in L2(R") as well, which
implies that u = (V + 1)_%h. Since & is L2, we have u € H o, and the combination
of H! convergence and (7.10) imply that u, — u with respect to I-ll o Therefore
H o is complete.

For u € D(—A + V), the Riesz lemma defines a unique w € L?(R™) such that

Olu, f1=(w, f)
for all f € Hp. We then define
(—A+V)u:=w—u.

The proof of self-adjointness now follows the same argument used in Theorem 6.6,
i.e., we use the Riesz lemma on H ¢ to establish the surjectivity of —A 4 V, which
then implies that D((—A + V)*) C D(—A + V). m|

The space H ¢ defined in (7.8) is called the form domain of —A + V. Note
that although CSO(R”) is clearly contained in H g, it is possible that the domain of
—A +V given by (7.9) does not include C§°(R"). This is because V1 need not be
contained in L?(R") for V e Llloc and ¥ € Cg°(R").

Theorem 7.2 illustrates the primary advantage of the Friedrichs method, namely

the ease of working with quadratic form domains. As a subspace of L*(R"),

Ho = H'(R") N D(My112).



188 7 Schrodinger Operators

In other words, the quadratic form domain of —A + V is just the intersection of the
form domains of —A and My. On the operator side, the domain D(—A + V) has
no direct connection to D(—A) = HZ(R") and may in fact be disjoint from it.

When V € LP (R") (still assuming V' > 0), it is easy to see from (7.9) that
CP(R") C D(—A + V). Since essential self-adjointness implies uniqueness of
the extension, the two methods produce the same result when V satisfies both
hypotheses.

7.1.3 Discrete Spectrum

The evolution of states in quantum mechanics is described by the Schrodinger’s
equation for a quantum state ¥,

]
i—Y¥ = HY, (7.11)
at
where H = —A + V is the quantum Hamiltonian. Eigenfunctions of H correspond

to steady-state solutions of the Schrodinger equation. Intuitively, we expect such
stable solutions to occur only at energies for which the corresponding classical
particle is trapped, meaning that its motion is confined to a compact region.
Trapping occurs at energies E for which the set {V (x) < E} is bounded.

In the case that V — oo at infinity, classical particles are trapped at all
energies. We would therefore expect the Schrodinger operator to have purely
discrete spectrum under this condition.

Theorem 7.3. Suppose V € LIIOC(R") with V. > 0, and let —A + V be the self-
adjoint operator as in Theorem 7.2. If V(x) — 00 as x — 00, then —A + V has
compact resolvent and purely discrete spectrum.

Proof Define the Hilbert space H o with quadratic form Q[-, -] as in the proof of
Theorem 7.2, and let A = —A + V be the self-adjoint operator defined so that
Qlu, vl = (u, (A + Do)

foru € D(A)andv € Hp. If wesetu =v = (A+1)~! f for f € L2, then
lully = {(A+ D7 f f). (7.12)

Suppose {fi} is a bounded sequence in LZ(R"). Our goal is to prove that the
sequence uy = (A + 1)~! f; has a subsequence converging in L>(R"), which will
establish that (A 4 1)~! is a compact operator.

By (7.12), the sequence uy is bounded in Hg. For m € N, let x,, € C3°(R") be
a cutoff defined so that
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L, x| <m,

Xm(x) =
" {O, x| >m+ 1.

For each m, the sequence {x,u}7o is bounded in HO1 (B(0; R+1)),since ||| g1 <
Illo-

Applying Rellich’s theorem (Theorem 6.9) to {xjux} yields a subsequence
{u1,;} C {ux} for which {x1u1 ;} converges in L?(R™). We can then apply Rellich’s
theorem to {x2u1,;} to produce a subsequence us ; such that {xous ;} converges,
and so on. The result is a nested set of subsequences {u;11,;} C {u;, ;} such that
{xyu1,j} converges in L%(R") as J — 0o. We then set w; := u; ;. By construction,
for each m the cutoff sequence {x,, w;} converges in L2(R") as j — oo.

Since the sequence {u;} was bounded in H g, we also have a uniform bound
lwjllo < M for all j. This implies in particular that

|Viw;| < M. (7.13)

Given ¢ > 0, the hypothesis on V allows us to choose m sufficiently large that

1
inf V(x) > —.
|x|=m e
By (7.13) this implies
I = x)w;|1> < eM?, (7.14)

for all j.
Since yx,w; is convergent in L2, there exists N > 0 such that i, Jj = N implies

xm (wi —wj)|l <e.
Combining this with (7.14) gives

lwi —w;ill < llxmw; —w) + 1A = xp)will + 11 = xm)w;ll
<e+2M/e,

for i, j > N. Since & was arbitrary, this demonstrates that {w;} is Cauchy and
therefore convergent in L>(R").

The operator (A + 1)~! is thus compact, and the discreteness of the spectrum
follows from Theorem 4.21. |
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7.1.4 Quantum Harmonic Oscillator

The classical harmonic oscillator describes the motion of a particle subject to a
restoring force proportional to its displacement from the origin. The corresponding
potential energy function is quadratic. The quantum mechanical analog of this
system (with Planck’s constant scaled out) is a Schrodinger operator —A+ V, acting
on L2(R"), with potential given by

n
V)= ) xiMjjx;, (7.15)
ij=1

where M is a positive definite matrix. The operator —A + V is essentially
self-adjoint on C3°(R) by Theorem 7.1 and has purely discrete spectrum by
Theorem 7.3.

Theorem 7.4. The spectrum of the quantum harmonic oscillator with potential
(7.15) is given by

n
o(—A+V) = {Z(zki + Do ki € No},
i=1
where a)%, e a)% denote the eigenvalues of M with w; > 0.

By using a linear change of variables to diagonalize M, we can assume that

n
Vix)= Z a)?sz
j=1

Separation of variables then allows us to reduce the eigenvalue equation to a sum
of one-dimensional equations. It also suffices to consider the case w; = 1, since
the coefficient can be accounted for by rescaling the variable. Thus we focus on the
one-dimensional operator

H:=—A+x°

defined as a self-adjoint operator on L?(R) by the unique extension described in
Theorem 7.1.

To determine the eigenvalues of H, it is convenient to introduce a pair of auxiliary
operators,

AT = —id, +ix.
As differential operators, we have the relations

ATA™ =H —1, AAT =H+1. (7.16)
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The operators A* and A~ are called raising and lowering operators, respectively.
This terminology is justified by the following:

Lemma 7.5. Let i be an eigenfunction of H with eigenvalue ). Then  is smooth,
ATy € D(H) and

HATY) = A +£2)ATy.

Proof First we show that v is smooth, by an elliptic regularity argument. For f €
L2(R), we claim that

— Af € H™(R) implies f € H" 2 (R). (7.17)

This is an immediate consequence of the characterization of Sobolev spaces (2.26)
and the fact that the Fourier transform conjugates — A to multiplication by |£|?.

As noted in the proof of Theorem 7.1, D(H) C Hl%)c (R), so this is our starting
assumption for ¥r. Suppose, for the sake of induction, that ¢ € H}! (R) withm > 2.
For x € Cg°(R"), we then have

—A(xY) = 0 — ) xy —[A, 1.

Since [A, x]is a first-order differential operator, with smooth coefficients, the right-
hand side is contained in H™~!(R) by the inductive hypothesis. Therefore x ¢ €
H™t1(R), by (7.17). By induction, this shows that ¥ € H' (R) for all m € N,
which proves that v € C°°(R) by Sobolev embedding (Theorem 2.26).

As differential operators, H and AT satisfy a commutator formula,

[H, AF] = £24%. (7.18)
Applying (7.18) to the eigenfunction ¢ € C*°(R") gives

H(A®Y) = A*(H £2)y
(7.19)
= £2)ATy.

Note that we have only shown that this holds as a differential equation. We still need
to check that A*y € D(H).

By the characterization of the quadratic form domain given in Theorem 7.2, it
is clear that ¥ € H'(R) and xyy € L%(R). Thus we have ATy € L2(R). For
f € C3°(R) we can integrate by parts to estimate

(A%, HF)| = |((x £ 2)a™y, f))|
=Clfl.

This shows that AT is contained in D(H). O
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Lemma 7.5 leads rather quickly to an explicit characterization of the spectrum in
the dimension one.

Corollary 7.6. The one-dimensional harmonic oscillator has spectrum
o(—A+x>)=2N-1,
and an orthonormal basis {};2 , of eigenfunctions
Yr(x) = 11272 (k) T2 (B — x)ke 2, (7.20)

where A, = 2k + 1.

Proof Suppose that Hyr = Ay for € D(H). Since ¥ is smooth, we can integrate
by parts to obtain

A=Y 1% = (v, ATA™Y)

= (Y. (H - DY) (7.21)
=G =Dyl
Tterating this result gives
k
A | =1 IP [T +1-2) (7.22)
j=1

fork € N.If A ¢ 2N — 1, then the product on the right is strictly negative for large
values of k, which is impossible for ¥ # 0. Therefore o (—A + x2) is contained in
the set 2N — 1.

If o satisfies the eigenvalue equation for Ag = 1, then A™¢9 = 0 by (7.21).
Thus 1 satisfies

d 4 4

— o = xVo.

L 0
which has the L2-normalized solution,

1 2
Yox) == 1e /2,

unique up to a multiplicative constant. The uniqueness shows that Ao = 1 is a simple
eigenvalue.

By Lemma 7.5, (A1) Yy is an eigenfunction for Ay := 2k + 1, and its
normalization can be calculated using (7.16),



7.1 Positive Potentials 193

k—1

[ AH yo)® = [T + 1)
=0
= 2kk!

Normalizing (AT) v thus yields the eigenfunction ¥ given by (7.20).

To see that the higher eigenvalues are also simple, note that if ¢ is an
eigenfunction with eigenvalue Ax, then (A7)Xy has eigenvalue 1. Since A was
simple, this implies that (A™)*y is a constant multiple of ¥, and it follows that v/
is proportional to . O

A few eigenfunctions of H are illustrated in Figure 7.1. Each eigenfunction
consists of a polynomial factor times e ™* */2, These factors are (up to a normalization
constant) called the Hermite polynomials.

Fig. 7.1 The first five

eigenfunctions of the \
one-dimensional harmonic

oscillator

The spectrum of —A +w?x? on L?(R) is derived from Corollary 7.6 by a scaling
argument. Consider the unitary transformation of L>(R) defined by

U f () 1= 0 f(y ).
Conjugating the operator H by U,, gives
Up(—A + xz)U;1 =—w 'A + wx?.
So that
—A+ w?x? = Uy, (—A +x2)U;l.
Hence, by Corollary 7.6,
o(—A+w’x?) = 2N - Do. (7.23)

Theorem 7.4 now follows from (7.23) by diagonalization and separation of vari-
ables.
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7.2 Relatively Bounded Perturbations

The methods of Section 7.1 are not applicable to potentials describing electro-
magnetic interactions between particles, because the Coulomb potential (7.2) is
not semi-bounded below. In this section we will develop a general method that
establishes self-adjointness in cases like the Coulomb potential, by regarding the
potential term as a relatively small perturbation of —A.

To make this notion precise, we say that a symmetric operator B is relatively
bounded with respect to a self-adjoint operator A if D(A) C D(B) and there exist
constants «, 8 € R such that

Bull < allAull + Bllull (7.24)

for all u € D(A). The following result was proven by Franz Rellich in 1939 [73],
and its applications to Schrddinger operators in particular were developed by Tosio
Kato [50].

Theorem 7.7 (Kato—Rellich). Let A be a self-adjoint operator on a Hilbert space
‘H. If B is a symmetric operator which is relatively bounded with respect to A, with
constant @ < 1 in (7.24), then A + B is self-adjoint on D(A) and essentially self-
adjoint on any core for A.

Proof Our goal is to apply Theorem 3.29 by establishing the surjectivity of A +
B —io for 0 € R with |o| large. Since A is self-adjoint, A — io is invertible for
o # 0. By the assumption that D(A) C D(B) we can thus write

A+ B —io = [1+B(A—io)7]](A—ia), (7.25)

and argue for surjectivity by estimating B(A — io) 1.
For u € D(A), the assumption (7.24) gives

|B(A—io) 'u| < a|AA —io) u| + BI(A — i) ull. (7.26)
The spectral theorem gives the estimates
[AA—io) | <1,  |A—io) | <lol7"
Hence, (7.26) implies that B(A — i o)~ !is a bounded operator with
|B(A—io)™ | <a+pBlol™".
By hypothesis & < 1, so by taking |o| sufficiently large, we can assume that

|BA—io)™| <1.
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This guarantees that / +B(A—io) ! is invertible by Neumann series. It then follows
from (7.25) that A+ B +io is surjective as a map D(A) — H, provided |o| is large
enough. Therefore, by Theorem 3.29, A 4 B is self-adjoint on D(A).

Now assume that A is merely essentially self-adjoint. If u € D(A), then there
exists a sequence u, — u such that Au, converges to Au. By the assumption
(7.24), the sequence Bu, also converges, so that u € D(B) (since B is closed).
By continuity, we can extend (7.24) to

|Bu| < o|Aul + Bllul (7.27)

forall u € D(A). By the first part of the proof, this implies that A + B is self-adjoint
on the domain D(A).

Using the fact that (A + B)u, — Au + Bu, we can also conclude that u €
D((A + B)), with

(A + B)u = Au + Bu.
This means that
(A+B)CA+B.

Because A + B is self-adjoint, it is closed in particular. Thus, since A + B aclosed
extension of A + B and (A + B) is the smallest closed extension, we have

A+ BC(A+B).

We conclude that (A + B) = A+ B, which is self-adjoint. Thus A + B is essentially
self-adjoint. O

Kato’s original application of Theorem 7.7 to Schrédinger operators includes the
following result, which covers the case of the Coulomb potential in particular.

Theorem 7.8. Let n < 3, and suppose V is a real-valued potential in L*(R") +
L*°(R"™). Then —A + 'V is essentially self-adjoint on C°(R") and self-adjoint on
H2(R™M).

Proof The L°°(R") component is included for the sake of applications, but makes
no difference to the proof because it contributes a bounded self-adjoint operator.
Therefore, it suffices to consider V € L2(R").

Suppose that u € H?(R"). By the Sobolev embedding (Theorem 2.26), this
implies that u is continuous and bounded for n < 4. This gives Vu € L?(R"). Since
this is the defining condition for the domain of the multiplication operator My, we
conclude that

H*(R") C D(My).
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As in the proof of Sobolev embedding, we can use the fact that
lulloe < @)™l

together with the Cauchy—Schwarz inequality, to estimate

1
e <€ [ e [ (P pNaePrs a28)

for b > 0. The first integral gives

1

s —d"E = Cb" Y,
o GeP 4522 ¢

where C depends only on n, while the second is equal to ||[(—A +b%)u||?. Therefore,
(7.28) gives the estimate

lullos < CO" | (=A + bPul|. (7.29)
For V € L?>(R") and u € H*(R"), we apply (7.29) to obtain
Vull < 1VIHlulloo
= o' Vi (aul + b ul),
for all b > 0. Taking b sufficiently large gives
IVul < allAull + Bllull,

with o arbitrarily small. Thus —A + V satisfies the hypotheses of Theorem 7.7. O

Example 7.9. On R>, consider the Hamiltonian operator for the hydrogen atom

H := —A —r~!. The potential V (x) = —r~ 1 lies in LIZOC(R3) and is bounded
outside a compact set. Therefore, H is essentially self-adjoint on C{° (R?) and self-
adjoint on H>(R?) by Theorem 7.8. O

Example 7.10. For a charged particle in a magnetic field, the quantum Hamiltonian
associated with the magnetic vector potential A : R? — R3 is

H = (iV+A)?, (7.30)
where the physical constants are omitted. An operator of this type is called a
magnetic Schrodinger operator.

For f, g € CSO(R3), we have

(fi Hg) =((V + A)f, (V + A)g),
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which shows that H is symmetric as an operator on C5° (R3). Expanding the square
gives

H=—-A+2A-V+(V-A)+ A%

The scalar terms (V - A) and A2 are bounded, provided we assume that A and V - A
lie in L®°(R?), (where the divergence is defined in the weak sense). However, the
gradient term 2{ A - V is an unbounded operator.

To apply Theorem 7.7, note that for f € H?(R3),

IVAI> =& fFII
=/ &2 £(£)1> d"g
Rn

l 4 TeN12 gn

<5 [ asibitor e
RV!

_ 1 2 2

= (12 +arie).

For A € L°°(R?Y), it follows that 2i A - V is relatively bounded with respect to —A.
Therefore, H is self-adjoint on H 2(R3) and essentially self-adjoint on C§° RY. ¢

7.3 Relatively Compact Perturbations

In this section we take up the question of locating the essential spectrum of —A+ V.
Unfortunately, Weyl’s stability result (Theorem 5.14), which says the essential
spectrum is unaffected by compact perturbations, is not helpful for Schrodinger
operators. The multiplication operator My is not compact on L(R") unless V
vanishes almost everywhere.

Our first goal is therefore to strengthen the Weyl stability result. Instead of
requiring the difference in operators to be compact, we can impose this condition
on the difference of resolvents.

Theorem 7.11. Suppose A and B are self-adjoint operators on a Hilbert space H.
If there exists z € p(A) N p(B) such that (A — z)~' — (B — z)~ " is compact, then
Oess (A) = Oess(B).

Proof Suppose that A € 0¢ss(A). By Theorem 5.13, there exists a sequence {uy} C
D(A) with |lug|| = 1 and u; — 0 in the weak sense, such that

lim (A — Mug = 0. (7.31)
k—o00
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By the definition of the resolvent,
A-MA-N=T-c-NA-27",
so (7.31) implies that
lim [ux — (z — M)A —2)'ug| = 0. (7.32)
k—o00
The assumption that (A — Dl —B=-7"1is compact implies that
lim [(A —2) ' =B - Z)fl]uk =0,
k—o00
by Theorem 3.38. Therefore, we can deduce from (7.32) that
lim ux — (z = A)(B —2)"lug| = 0. (7.33)
k— 00
If we now set
wi = (B —2) " ur,
then (7.33) translates to
lim ||(B — M)wg|| = 0. (7.34)
k— 00
By writing (7.33) in the form
lim [lug — (z — Mwgll,
k—o00
and using the fact that |Jug|| = 1, we can also deduce that
lim lwkl = |z — 27", (7.35)
k—o00

by (7.33).

Suppose that A # oess(B). If IT denotes the spectral resolution of B, then this
means that I7(, ¢ 3+¢) has finite rank for some & > 0. In particular, [T ¢ y+s) (B —
z)’1 will be compact, so that

lim H(A_S’A+£)wk =0. (736)
k—o00

With Q; :=1 — I ¢ s+s), We can estimate
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(B — Mwill = (B — M UTp—e 4oy wi + Qewp) |
> (B — 1) Qewill — || (B — M- ptey i |

> el| Qewill — || Mp—eoteywi]-
Taking k — oo, using (7.36) and (7.35), gives

liminf |(B — Mwg|| > €|z — Al.
k— o0

This contradicts (7.34), so we conclude that A € oes(B).
We have shown that gegs(A) C 0egs(B), and the same argument applies with A
and B switched. |

In many applications of Theorem 7.11, including Schrodinger operators, only
one of the resolvents is explicitly known. It is thus helpful to invoke the second
resolvent identity (Exercise 4.1), which says that

B-2"'"—-(A-'=B-2'B-a)A-7"". (7.37)

To satisty the hypothesis of Theorem 7.11, we can see from (7.37) that it is sufficient
to verify the compactness of (B — A)(A — 2~ L

With this in mind, we say that an operator T is relatively compact with respect
to Aif D(A) € D(T) and T(A — z)~ ! is compact for some z € p(A). By the first
resolvent identity (Corollary 4.12), if T(A — 2" Lis compact for one value of z,
then it is compact for all z € p(A).

Theorem 7.12 (Improved Weyl Stability). If A and T are self-adjoint operators
and T is relatively compact with respect to A, then A + T is self-adjoint on D(A)
and

Oess(A + T) = Oess(A).

Proof First consider the self-adjointness of A + 7. Our plan is to show that
IT(A+io) Y is small for large o, and then argue as in the proof of Kato—Rellich
(Theorem 7.7).

Through the functional calculus, the operator (A 4 i)(A —io)~! corresponds to
multiplication by the function

x+i
x—io’

Jo(x) ==

for x € R. Note that | f,(x)| < 1 and f, — 0 pointwise as ¢ — o0. Therefore,
using the dominated convergence as in Example 2.12, we have

(A+i)A—io) ' =0 (7.38)

in the strong operator sense as o — 0.
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We can now write
TA+io) '=TA-)"YA-i)A+io) "
Since T(A — i)~! is compact by assumption, and (7.38) gives strong convergence
[(A-DA+io) ] -0,

it follows that

lim |T(A+io)™"| =0, (7.39)
o—0

by the result from Exercise 3.14. By choosing |o| sufficiently large, we can ensure
that

ITA+io) ™| <1

As in the proof of Theorem 7.7, this implies that A+ T % io is surjective, and hence
that A + T is self-adjoint on D(A).

The fact that A and A + T have the same essential spectra now follows
immediately from Theorem 5.14, by (7.37). O

Suppose —A + V is self-adjoint on a domain that includes H ! (R"), as is the case
for the potentials considered in Section 7.1.2, for example. Then, for x € C(‘)>o (R™),
Rellich’s theorem (Theorem 6.9) implies that x (—A + V)~ ! is compact on L?(R").
This observation yields the following:

Corollary 7.13. Suppose that V is a potential such that —A + V is self-adjoint on
a domain that includes H'(R™). If W € L®(R"; R) and has compact support, then

Oess(—A + V) = Oess (A + V + W).

Example 7.14. On R, consider the Schrodinger operator H := —A + V with the
negative square-well potential

—c, |x| =Za,
Vix)=
07 |x| > a,

where a, c are positive constants. By Theorem 7.8, H is self-adjoint with domain
H?(R). Since V has compact support, Corollary 7.13 shows that the essential
spectrum is [0, 00).

To find the discrete spectrum, note that for A > 0 there are no L? solutions of the
eigenvalue equation for |x| > a, so all eigenvalues are negative. Clearly —A+c > 0,
so the spectrum is bounded below by —c. Since the potential is symmetric, we can
assume, by averaging if needed, that all eigenfunctions have either even or odd
symmetry.
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First consider the even eigenfunctions for 4 = —o2 with 0 < o < \/c. For |x| >
a the L? requirement implies the eigenfunctions take the form v (x) = e~?"!. On
[—a, a], an even solution is a constant multiple of cos(wx), where w := /|c — 72|.

Since functions in H2(R) are C! in particular, the first derivatives will match at
x = Za. The matching conditions at x = *+a reduce to

o = wtan(wa).

Because w tan(wa) is decreasing as a function of o, and equal to zero at 0 = \/c,
there is at least one intersection point for 0 < o < /c. Hence an even eigenfunction
exists for all ¢ > 0, and H has at least one negative eigenvalue. There are multiple
even eigenfunctions if ¢ > (7 Ja)?.

For odd eigenfunctions, the matching condition is

o = —wcot(wa).

An odd eigenfunction therefore exists if and only if ¢ > (7/2a)>.
The eigenfunctions concentrate on the support of V, as illustrated in Figure 7.2.
See Exercise 7.6 for a more general exploration of this phenomenon. %

Fig. 7.2 Sample
eigenfunction for the

square-well potential

supported on [—a, a]

-a a

Theorem 7.12 can be applied to more general potentials in cases where we
have better knowledge of the resolvent. As an example, let us consider the class
of potentials covered by Theorem 7.8, which were assumed to be L%+ L%, with the
dimension less than or equal to three. The first step is to use our explicit knowledge
of the Green’s function to establish relative compactness for L? potentials.

Lemma 7.15. If V e L*(R") with n < 3, then My is relatively compact with
respect to — A, and therefore

Oess(—A + V) = [0, 00).

Proof The computation of the resolvent for R” in Section 4.1.3 gives the integral
kernel (—A 4+ 1)~ as

Gu(r) := @m) 3! 2Ky (),
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where r = |x|. From standard Bessel asymptotics [64, §10.30], we have

oMy, v#£0,

K,(r)= i
O(logr), v =0,

asr — 0,and K, (r) = O(e™") as r — oo. This gives

o), n=1,
Gu(r) = {O(logr), n=2,
O(rz_”), n > 3.

In combination with the exponential decay at infinity, these estimates imply that
Gn € L*(RY), (7.40)

provided n < 3.
The integral kernel of V(—A + 1)1 is

K(x,y) =V@)Gu(x —yD.

By (7.40), we can estimate

/ |K(x,y)|2d”x d"y =/ /
Rn Rn Rn Rn

= IVI*IG.lI?

2
V(x)2G(lx — y)| d"x d"y

< Q.

This shows that V (—A + 1)~ is a Hilbert—Schmidt operator, which is compact by
Theorem 3.39.

We have proven relative compactness, and the characterization of the essential
spectrum follows from Theorem 7.12. O

In order to extend the result of Lemma 7.15 to potentials in the class L + L,
including the Coulomb potential, we need to add an extra condition. Shifting the
operator by a constant will obviously move the essential spectrum. Thus, in order
to control the result we must limit the bounded contribution to the potential by
imposing decay at infinity. The rate at which the potential decays turns out to be
irrelevant; the limit V — 0 is sufficient.

Theorem 7.16. Let V be a real-valued potential in L12OC @®R"Y) forn <3.IfV(x) —>
0 as |x| = oo, then My is relatively compact with respect to —A and therefore

Oess(—A + V) = [0, 00).
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Proof Let yx, denote the characteristic function of the set {|x|] < n} forn € N.
Since

l—a+D7Y =1,
by the resolvent estimate (5.20), we have an operator norm bound

|1 = x)V(=A+ D7 < sup V().

|x|=n
By the assumption that V — 0, this implies that
V(A + DT > VA DT

as n — 00, with convergence in operator norm. Since y,V (—A + 1)~! is compact,
by Lemma 7.15, it follows that V(—A + 1)~! is compact by Theorem 3.36. The
claimed result now follows from Theorem 7.12. |

Theorem 7.16 applies in particular to the quantum Hamiltonian of the hydrogen
atom, introduced in Example 7.9. We will work out the spectrum of this operator
explicitly in the next section. There are results analogous to Theorem 7.16 in higher
dimensions, but the proofs are more difficult. In dimension greater than three we
do not have the convenience of exploiting the Hilbert—Schmidt property to prove
compactness.

7.4 Hydrogen Atom

We have now all the tools in places to analyze the spectrum of the quantum
Hamiltonian for the hydrogen atom,

1
H=-A—-, (7.41)
r

acting on L?(R3). By Theorem 7.8, H is essentially self-adjoint on CSO(R3) and
self-adjoint on H2(R3). Furthermore, Theorem 7.16 shows that

Oess(H) = [0, 00). (7.42)

This continuous range of positive energies corresponds to ionized states of the atom,
where the electron has broken free from the nucleus.

In this section, we will show that the discrete spectrum of H consists of a
sequence of negative eigenvalues accumulating at zero. These are the “bound states”
of the atom, for which the electron is effectively trapped within some neighborhood
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of the nucleus. The absorption and emission lines of atomic hydrogen correspond
to the difference in energy between two bound states. An atom can only absorb or
emit photons at these particular frequencies.

Theorem 7.17. The hydrogen operator (7.41) has discrete spectrum consisting of
negative eigenvalues,

1

=g

forn € N, each with multiplicity n®.

Proof By (7.42), the discrete spectrum is negative. Suppose that 1 < 0 is an
eigenvalue, and let W; C H?(R?) be the corresponding eigenspace, which is finite-
dimensional.

In spherical coordinates (r, ¢, ), the Laplacian takes the form

1

r2sin® ¢

1
——,(sing d,) + 3. (7.43)

1
A = —zar(rzar) +
r r#sing
Note that the angular variables can be separated out by defining a spherical
Laplacian

Ag = —— (sing )JrLa2 (7.44)
S% - Sin (p 4 (2 -2 0" ‘
Here S? denotes the unit sphere in R3. From the relation,
1 ) 1
A= r—28r<r ar)+r—2A82,

it is clear that A and Ag: commute as differential operators.

The action of Ag> on W), is well defined. Indeed, a local regularity analysis as in
the proof of Lemma 7.5 can be used to show that eigenfunctions of H are smooth
except possibly at the origin. Since Ag2 commutes with A, it maps W) to itself.
Moreover, using integration by parts in spherical coordinates, we can easily check
that —Agp is a positive operator on the domain H 2(R3). Therefore the restriction of
Ag2 to W, is self-adjoint, since this space is finite-dimensional.

The same reasoning applies to the operator —idyp, which commutes with both A
and Ag and restricts to a self-adjoint operator on Wy. (A physicist would interpret
—Ag and —idp as quantum observables in terms of angular momentum. The square
of the total angular momentum is represented by —Ag2, while —idg gives the
component of angular momentum about the z-axis.)

By the spectral theorem in its finite-dimensional form, W, admits a basis
consisting of simultaneous eigenfunctions of —dy and Age. Suppose that u is such
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a joint eigenfunction. Since u is required to be smooth away from the origin, it is
clear from the fact that u is a periodic eigenfunction of —idy that u has the form

u(r. ¢, 0) ="’ f(r. ),
for m € Z and some function f on [0, 00) x [0, 7]. Suppose now that
—Agu = Ku

for k > 0. After making the substitutions u = ¢/ f and z = cos ¢, this eigenvalue
equation becomes

2
A= —2f + (k- =) f=0.
1—22

This is the Legendre equation; a pair of linearly independent solutions is given by
the Legendre functions P/" (z) and Q}"(z), where k = I(I + 1).

For an element of W, we require e/”? £ (r, ¢) to be smooth away from the origin.
Since the 6 coordinate is singular on the z-axis, represented by z = +1, we need
the Legendre solutions to be regular at these points. The solution Q}"(z) diverges
as z — 1 for all choices of parameter, so this is ruled out. The solution le (2) is
regular at z = 1, but diverges as z — —1, except in the special case where [ € Ny
with |m| < [. Assuming that [, m satisfy these conditions, the Rodrigues formula
[64, §14.7] gives

(=D"

dl+n1
(1 _ Z2)"’!/2—
21

el (7.45)

P[m(Z) =

From this expression it is easy to check that P/" (cos ¢) is a polynomial in sin ¢ and
CoS @.
With these considerations, we have narrowed the choices for # down to the form

u(r, ¢, 0) = ™ P (cos ) (r), (7.46)

for ] € Ngo, m € {—m,...,m}, and h a function on [0, c0). The combina-
tion ¢/™? P/"(cos ¢) is called a spherical harmonic, and traditionally denoted by
Y l’" (¢, 0), up to a normalization constant.

We turn now to the radial equation. Since (7.46) implies that —Agou = I(I +1)u,
the full eigenvalue equation Hu = Au reduces to the radial form

1 ) L+ n7,
|:—r—28,<r a,)—;+ > }h_kh. (7.47)
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Multiplication by 2 yields a second order ODE with polynomial coefficients,
W 420k + (r a2 —1d+ 1))h —0,

to which the Frobenius method of power series can be applied. The indicial roots
are [ and —I — 1. Since these differ by an integer, the theorem of Fuchs (see, e.g.,
Teschl [91, Thm. 4.5]) gives two linearly independent solutions of the form,

M)y =r' i), hatr) =r 7 HG) + ol fi(r) logr,

where the functions f; are entire and satisfy f;(0) = 1, and c is a constant. The
singular solution /5 can be ruled out in our case, because this would yield a function
u which does not lie in H?(R?). Therefore, the radial component of an eigenfunction
has a power series expansion with infinite radius of convergence, starting from the
term 7/,

To simplify the calculation of coefficients, it is useful to extract the asymptotic
behavior as r — 0. The leading part of (7.47) at infinity is —h” = Ah. If we set
» = —o? with o > 0, then the expected asymptotic behavior is e*°". Of course,
only the decaying solution would be compatible with an H? function. Therefore, we
take the ansatz

h(r) = q(ryrle ", (7.48)

and seek a power series expansion of the form

o0
q(r) =Y axrt.
k=0

Plugging (7.48) into (7.47) and identifying the coefficients of r*~! yield a recursive
relation

_20(k+D—1

okt 7.49
Kk + 20+ 1) ! (7.49)

ak
The resulting series is convergent for any value of o. However, for § > 0 the ratio
ay/ak—1 is bounded below by (2 — §)o/k for k sufficiently large. This implies an
exponential lower bound g (r) > ce@=9" unless the sequence defined by (7.49)
terminates with some coefficient equal to zero. A lack of termination would imply
that i (r) grows exponentially as » — oo, which is obviously ruled out by the >
requirement.
Therefore, for h(r) to be the radial component of an eigenfunction, we must have
o = 1/2n for some integer n > [, so that all terms in the sequence determined by
(7.49) vanish for k > n — [. If the resulting polynomial is denoted by g, ;(r), then
our potential eigenfunction has the form

Un,l,m (r7 @®, 0) = rlq(r)Ylm (‘P, Q)e_r/Zn,
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Clearly u,;, decays exponentially as r — 0o. Moreover, 'Y, " (p,0) is a
homogeneous polynomial of degree [ in the variables x, y, z, so it is easy to check
that u, ., € H>(RY).

The eigenvalue corresponding to u, ; , is A = —o 2, so the discrete spectrum of
H is given by

1
odisc(H) = {_4_112 ne N}
For each value of n, the possible choicesarel € {0, ..., n—1}andm € {—[,...,[}.

The multiplicity of —1/4n? is thus

n—1
Z(zl +1) =n?
=0

O

If we reintroduce the physical constants, as in (7.1), the quantum Hamiltonian
becomes

By rescaling the eigenvalues from Theorem 7.17, we can compute the energy levels
of the hydrogen atom as

mqg* 1
2h2 n2’

n --—

This agrees with the empirical formula for the emission and absorption lines of
atomic hydrogen which was developed by Johannes Rydberg in 1888.

7.5 Semiclassical Asymptotics

As noted in Section 6.5, the correspondence principle says that one should be able to
recover classical physics from quantum mechanics in the semiclassical limit where
Planck’s constant 7 approaches zero. Although the value of # is fixed in nature, it
approaches zero as we change units to longer distance and lower energy scales.

To analyze the semiclassical limit mathematically, we drop the units and simply
regard i as a small parameter in the definition of the operator. For Schrodinger
operators this means that we write the Hamiltonian as —h*A + V for h — 0 and
study its spectrum in the limit # — 0. We have already seen an example of this in
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Carleman’s approach to the Weyl asymptotic formula for the Dirichlet Laplacian,
which amounted to semiclassical analysis of the operator —A%A + 1.

In this section, we will discuss the problem of determining the semiclassical
asymptotics of low-lying eigenvalues of —4?A 4 V when V has a single nonde-
generate minima. As & — 0, the density of eigenvalues increases, and our physical
intuition is that low-lying eigenvalues should be determined by the shape of the
potential at the minimum. More precisely, the semiclassical asymptotics of the
eigenvalues should correspond to the harmonic oscillator potential defined by the
quadratic Taylor approximation to V. This idea was long accepted as folk wisdom
in quantum physics, until Barry Simon provided an elegant proof in 1983 [82].

We will assume that V has a single global minimum, which we can place at the
origin. The regularity of V away from the origin is not important for the result, but
we need enough regularity near the minimum to apply Taylor’s theorem. Here is the
full set of assumptions on V:

(A1) V e L2 (R") with V(x) > 0.
(A2) There exists ¢ > 0 such that V(x) > ¢ outside a compact set.
(A3) V is C3 in some open neighborhood of x = 0.

(A4) V has a unique zero at x = 0, which is nondegenerate in the sense that

R4
B axiax]‘ x=0

T (7.50)

is a positive definite matrix.

Assumption (A1) guarantees that —A + V is essentially self-adjoint on C;°(R")
by Theorem 7.1. If we split V into components V4 + V_, where

Vi(x) = max{V(x),c}, V_(x) =min{V(x) —c, 0},

then V_ is compactly supported by (A2). Corollary 7.13 implies that
ess(—h2 A + V) = Gess (—h> A + V7).
and therefore, since V. > c,
inf e (—h*A + V) > c. (7.51)
We are interested in the discrete spectrum,
odise(—h*A + V) C (0, ¢).
Define the quadratic approximation to V at x = 0,

n
V()(x) = Z xiMijxj,
i,j=1
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where M is the Hessian matrix (7.50), and let
Py :=—-A+ Vp(x). (7.52)
By the computation of the harmonic oscillator spectrum in Theorem 7.4,
n
o(Py) = {Z(Zki + Dawi 1k € NO},
i=1
2

where w7, ..., a),% denote the eigenvalues of M with w; > 0.

Theorem 7.18. Assume that V satisfies assumptions (Al)—(A4) above. Let {\y(h)}
denote the eigenvalues of —h*A + V and let {u;} = o (Py), where both sequences
are arranged in increasing order. For each m € N, there exists ¢ > 0 such that
for0 < h < g, —h2A + V has at least m eigenvalues in the interval (0, ¢). These
eigenvalues satisfy

wic(h) = hyue + O(h%)

ash — 0.

Proof By assumptions (A3) and (A4) and Taylor’s theorem,
V(x) = Vox) + R(x),
where R(x) = O(x?) for |x| sufficiently small.

To relate —h%2A + V to Py, we must first scale out the factor h% LetU 1 be the
unitary transformation of L?(R") given by

Unf (o) 1= hi f(h2x).
Conjugation by U, gives
Un(=h2A + VYU, ' = —hA + V(h2x). (7.53)
Let us define Vj,(x) := h’lV(h%x), and
Py, =—A+V,.
This is consistent with the notation used for Py, in that

Vi(x) = Vo(x) + Ry (x),
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where
Ry(x) := h™'R(hZx) = O(h2x), (7.54)
for |h%x| sufficiently small.

By (7.53), —h?A + V is unitarily equivalent to & P;,. Thus it suffices to consider
the eigenvalues {ux(h)} of Py, for which

Aie(h) = hp(h).
Let {¢r} denote the eigenfunctions of Py, which take the form
— Lt pl/2y
dr(x) = qr(x)e 2 , (7.55)
with g (x) a polynomial.
To estimate ui(h), we will apply a cutoff to ¢ to define an approximate

eigenvalue. Let x € Cj°(R") satisty

Lo xl =1,

0, |x|>2.

x(x) =

For y > 0, to be chosen later, we set

xn(x) = x (h" x).

Since xp,(x) = 1for|x| < A7, it follows from (7.55) and the normalization || ¢y || =
1 that

(xndj. xndx) = 8k + O (™), (7.56)

with constants that depend on j, k as well as y.
Our goal is to estimate y(h) by min—max, using the span of {x,¢1, ..., xn®r}
as a test subspace. For the numerator of the Rayleigh quotients, we compute

Py (xndr) = xx(Po + Rp)or — [A, xnldk,
= Wi XnPk + xn Rudie — [A, xnldk-

(7.57)

The term [A, x5 ]¢x has support in [x| > ~A™7, which implies that

(xndj. [A, xn1dk) = O(h™).

By (7.54),

1
lxnRalloo = O(hZ77).
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Therefore, from (7.57) and (7.56) we can estimate

(xndj» PrCndi)) = mxdjn + O3, (1.58)

For the subspace W = span{x,¢1, ..., xndr}, the estimates (7.56) and (7.58)
imply that

(u, Ppu)

1
max ——"' = up + O(h27).
ueP M0y |lul|?

This holds for all k, with the constant in the order estimate depending on k. By
Theorem 5.15, this proves that there exists ¢ > 0 such that P, has at least m
eigenvalues for 1 < ¢, with

1
p(h) < i+ O(h2~) (7.59)
fork < m.
To finish the proof, we need a corresponding lower bound on pi (7). Define ny, €

C*°(R") so that x }% + 77%1 = 1. By commuting the cutoffs past the operator, it is easy
to check that

Py = Xn P + mn Punn — |V xal* — [V . (7.60)
Multiplication by a smooth bounded function preserves D(P}), by the characteriza-

tion of the domain in Theorem 7.2. Therefore, the differential identity (7.60) implies
that

(u, Pouy = (u, xn Paxnt) + G, np Panu) — (1w, (IVxal* + 1Voal*)u), (7.6

foru € D(Py).
For the first term on the right in (7.61), we can use (7.54) to estimate

Gu o Phxnte) = G, o Poxau) + O (2=, (7.62)
To estimate the second term in (7.61), the positivity of —A gives
(u, np Prmpu) = (u, np Vanpu)
= (inf Vi) sl
Supp 1
Since |x| > h=% on the support of 1y,

inf Vy=h~' inf V().
supp nn |x|2h1/2"3
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The minimum at O is nondegenerate, hence V(x) > clx|? with ¢ > 0 for |x|
sufficiently small. Therefore, for A sufficiently small,

inf V), > ch™ 2.
supp nn

Therefore, the second term in (7.61) has a lower bound
(1, mp Pampe) = ch™ Inpull?,

for h sufficiently small.
Since ||V xnlloo and ||V lloo are O (h%) by construction, the final term in (7.61)
is estimated by

(u, (IVXR1? + 1V )u) = O (™).
Combining these estimates in (7.61) gives
(u, Pyt = (u, xn Poxniu) + ch™ 2 [Inpu)® — 0(h2=%) — 0 (). (7.63)

To optimize the error estimates, we now set § = %.
Let IT denote the spectral resolution of Py, defined as in Section 5.4. We can split
the first term in (7.63) as

(u, xnPoxnu) = (. xn PoITi0 ) xntt) + (, xn PoI e 00) Xnlt) .6

> (u, xn PoIT0,u) xntt) + 1k .

Since || xpull®> + lnpull> = |lul|?, we can combine (7.64) with (7.63) to deduce that

1
(u, Pyu) > pyllull® + (u, xn Poxnu) — O (h3). (7.65)

Now suppose that W C D(Py,) has dimension k. The operator x;, PoIT[o, ., Xh
has rank at most k — 1, since u is the kth eigenvalue of Py. Therefore, there exists
a unit vector u € W such that

Xh Pol[o, ) xnt = 0.
The estimate (7.65) yields
1
(u, Pyu) = pillul® = O(h53).
Thus, for any subspace W C D(Py,) of dimension k,

(u, Ppu)

1
max ———— > ur — O(h5).
ueP\{0)  lul? o
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Therefore, by the min—max principle,

juc(h) > i — O(h3). (7.66)

The combination of (7.59) and (7.66) gives

1 (h) = pi + O(h3),

and the claimed result follows since Ay (h) = hug(h). O

Example 7.19. The conclusion of Theorem 7.18 can be illustrated explicitly using
Poschl-Teller potentials, defined by

I+
cosh?x’

Wi(x) == —

for ! € N. The substitution z = tanh x reduces the eigenvalue equation for —A 4+ W;
to a Legendre equation. A set of independent L? solutions is given by P/" (tanh x),
where le (z), using the special Legendrian functions (7.45), form = 1,...,[. The
discrete spectrum of —A + W is {—1, ..., —I?}.

Now consider the semiclassical Schrodinger operator —i2A + tanh? x, which
satisfies the hypotheses of Theorem 7.18, with the harmonic oscillator spectrum
2N — 1. In the eigenvalue equation,

(—h%A + tanh? x)¢ = A(h)¢,

let us restrict & so that k=2 = [(l + 1) for [ € N. Dividing by h? then reduces the
eigenvalue equation to

(—A + Wp)¢ = h2(M(h) — Dg.
Thus, by the Poschl-Teller calculation,
h20u(h) — 1) = —( — k + 1)%,

fork =1, ...[. In other words,

2k — DI — (k= 1)?

Me(h) = I+ 1)

Since I = h~'(1 + O(h)) under the restriction made above, this gives
Ae(h) = 2k — Dh + O(h?).

For comparison to Figure 7.1, some eigenfunctions of —h2A + tanh? x are plotted
in Figure 7.3 O
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Fig. 7.3 The five eigenfunctions of —h2A 4 tanh? x for h = 1/+/30

7.6 Periodic Potentials

For a continuous periodic function g on R, the ODE
—u" +qu=0

was introduced by George William Hill in 1886 in a study of lunar orbital motion
and is called Hill’s equation. We can apply the analysis of Hill’s equation to the
spectral theory of the Schrodinger operator H = —A + V on R, where V is a
continuous, real-valued, periodic potential. Since V is bounded, H is essentially
self-adjoint on C(‘)>O (R) and self-adjoint on H 2(R).

In this section, we will analyze the spectrum of H by means of a theory of
periodic systems of ODE developed by Gaston Floquet in 1883.

7.6.1 Floquet Theory

Suppose V is a continuous real-valued function on R with period . This choice of
period is a standard convention for Hill’s equation, inspired by the special case of
the Mathieu equation which we will discuss later.

For A € R, consider the eigenvalue equation for H := —A 4+ V,

—u" + Vu = hu. (7.67)

By the standard ODE existence result of Picard-Lindelof (Theorem 9.8), for each
» € R there exists a C? solution to (7.67), which is uniquely determined by the
initial conditions u(0) and u’(0). Let us define a pair of solutions u; and v, by the
conditions
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{M)L(O) =1, {UA(O) =0, 768

u (0) =0, v, (0) = 1.
The Wronskian of the pair is given by
Wlus, vl i= upvs — usvy.

The Wronskian is independent of x, since both functions satisfy (7.67). We can thus
compute, by (7.68),

Wluy, vil = 1. (7.69)

The evolution of this pair of solutions over the course of one period can be
expressed in terms of a monodromy matrix,

M) = (u)\(ﬂ) v)\(ﬂ)>
o\ i)

which satisfies det M(L) = 1, by (7.69). The trace of the monodromy matrix is
called the discriminant of H and denoted by

D(A) :=tr M (L)
= u; () + v} ().

The Picard-Lindelof theorem implies that the solutions u; and v, depend smoothly
on A, so D(}) is a smooth function of A € R. In fact, one can show that D(})
extends to A € C as an entire analytic function of order % See Magnus and Winkler
[61, Thm. 2.2] for a proof.

Example 7.20. In the free case V = 0, the solutions u, and v, are given by

sin(v/Ax)
5

with the convention that vy (x) := x for A = 0. Both u; and v, are entire functions
of A € C. The monodromy matrix for a period of 7 is

cos(mv/A)  —sin(mv/A)/vA
\/Xsin(nﬁ) cos(nﬁ)

The discriminant is thus the entire function,

u; (x) = cos(v/Ax), v, (x) =

M) =

D) = ZCOS(TL'\/X).
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The eigenvalues of the monodromy matrix are called Floquet multipliers. The
characteristic equation for M (1) is

det(M(\) —t) =t> =DMt +1=0, (7.70)

so in terms of the discriminant the Floquet multipliers are given by

oL = %[D(A) + /D)2 — 4]. (7.71)

The following lemma is a special case of Floquet’s theorem on periodic systems.
Lemma 7.21. For 1 € R, the solutions of (7.67) are characterized as follows:

1. If ID(V)| < 2, then the Floquet multipliers are given by e** for 0 < k < 7 and
there exist two linearly independent solutions of the form

Hkx /T (), (7.72)

ur(x) =e
where w are 1 -periodic functions in C*(R).

2. If ID(A)| > 2, then the Floguet multipliers are given by e for k > 0 and there

exist two linearly independent solutions of the form
U (x) = e My (x), (7.73)
where wx are -periodic functions in C*(R). '

3. If ID(A)| = 2, then the Floquet multipliers are degenerate and given by e'* with
k =0orm. If M()) is diagonalizable, then there exist two linearly independent
solutions of the form (7.72). Otherwise, there exist independent solutions of the
form,

up(x) = e*Mwix),  up(x) =T (wz(x) + fwl(x)),
T

where wi, wy are 1 -periodic functions in C*(R).
Proof 1f |D())| < 2, then the roots have modulus one and can be written as o+ =
e** for k > 0. If (ax, by) denote the eigenvectors in C? corresponding to o4, let
us set

U4 = atuy + bivy.

By the definition of the monodromy and the fact that (a4, b4 ) are its eigenvectors,
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() - )
uly () b
_ ik A+
- <bi> '

The solutions u (x + ) and e™"*u 4 (x) satisfy the same initial conditions at x = 0.
Therefore, by uniqueness of solutions,

+ik

+

ur(x+m)=e ikui(x), (7.74)

for all x € R. This means that the functions,
wa (x) 1= TRy (x),

are periodic, which proves (7.72).

A very similar analysis applies to other cases where M ()) is diagonalizable. If
|[D(X)| = 2, then the eigenvalues are degenerate and equal to +1. For |[D(A)| > 2,
the eigenvalues have the form e**.

If ID(})| = 2 and M (}) is not diagonalizable, then by putting M (1) into Jordan

block form, we can find a pair of solutions u1, u, which satisfy
uy(x + 1) = e*uy (x), ur(x + 1) = ™ (u1 (x) + uz(x)).

After writing these in terms of wi, wy as above, we can deduce that w; and w, are
periodic. O

Floquet’s theorem was rediscovered independently by physicist Felix Bloch in
1928, in the context of electron crystallography. In that application, the quasiperi-
odic solutions (7.72) are called Bloch waves.

7.6.2 Spectrum of H

From the characterization of solutions of the eigenvalue equation in Lemma 7.21,
we can now deduce the spectrum of the periodic quantum Hamiltonian in terms of
the values of the discriminant.

Theorem 7.22. For the operator H = —A+V acting on L2(R), with V continuous
and 2y -periodic, let D()) be the discriminant defined in Section 7.6.1. The spectrum
of H is continuous and given by

o(H)={reR: DO <2).
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Proof By Lemma 7.21, solutions of the eigenvalue equation are either quasiperi-
odic or approach infinity as |x| — oo in at least one direction. Hence, H has no L?
eigenfunctions and the point spectrum is empty.

For |D(A)| < 2 we can construct approximate eigenfunctions from the Bloch
wave solution u 4 defined by (7.72). Fix h € C*°(R) so that

0, =<0,
h(t) = -
1, t>1.

For j € N, define a sequence of cutoffs x; € C5°(R) by
Xj(x) == h(mj —|x]),

so that x; = 1 on [—xj, 7 j]. Consider the cutoff sequence v; := yjuy. Since
uy(x) = e®*/Tyw, (x) with w, periodic, we can estimate from below,

2 . 2
”v/ ”Lz(R) = 2.] ”w-l-”LZ(O,ﬂ)- (775)
On the other hand, since u satisfies the eigenvalue equation,

(H—-Mvj =—[A, xjlus
oy ” (7.76)
= — ijt+ — X] Uu4.

By construction, the derivatives of x; are bounded independently of j. Since uy is
quasiperiodic, we can thus derive from (7.76) the bound

ICH = 2)vjll < Cllwsllgio.x) (7.77)
with C independent of j. Together, (7.75) and (7.77) show that

I(H = Mvujll
j=oo vl

By Theorem 4.16, this implies that > € o (H).

Finally, for A such that [D()X)| > 2, we will show that > € p(H) by constructing
an inverse for H — A. The solutions satisfy u4(x) = e/ Ty, (x) withk > 0
and w4 (x) periodic. For f € CG°(R), the standard ODE method of variation of
parameters yields a solution formula for the equation (H — M)u = f:

u(x) zf K, ) f(y)dy,
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where, in terms of the Wronskian of #_ and u .,

K(x,y):= (7.78)

| uru_(y), x=y,
Wlu—, uy]

u_(uy(y), x=y.

By construction, K (x,y) is the integral kernel of (H — A)~!'. Using the
exponential decay of u4 as x — Foo, we can estimate

o0 o0
/ K G,y dy < c/ T gy — 0(1),
o0 —00

uniformly in x. The same estimate holds for the integral over x, by symmetry. The
Schur test (Exercise 2.11) then shows that (H — A)~! is a bounded operator on
L*(R), proving that » € p(H). m|

Example 7.23. 1In the special case V(x) = 2bcos(2x), with b € R, the eigenvalue
equation for —A + V is called the Mathieu equation,

u” + (x —2bcos(x))u = 0. (7.79)

Emile Mathieu first derived this equation in the context of the Dirichlet eigenvalue
problem for an elliptical domain. The standard solutions of (7.79) are special
functions called the “Mathieu sine” and ‘“Mathieu cosine,” denoted by S(X, b, x)
and C(A, b, x), respectively. In terms of these functions, the discriminant is given
by

_C,b,m) S (x, b, )

D(\) = .
C(A,b,0) ' S'(x,b,0)

Figure 7.4 shows a sample plot of D(A), with spectral bands corresponding to
IDA)] < 2. Y

Fig. 7.4 A plot of the
discriminant of the Mathieu
equation for b = 2, with the
spectral bands of

—A + 4 cos(2x) shaded




220 7 Schrodinger Operators

The result of Theorem 7.22 can be interpreted in terms of Bloch eigenfunctions
defined on the cell (0, 7). For 6 € T := R/2xZ, let —Ag denote the self-adjoint
extension of —A on (0, ) defined by the quasiperiodic boundary conditions,

fm)y =90,  flx)=¢"f(0). (7.80)

As a self-adjoint operator on a compact interval, —Ag + V has a discrete spectrum
consisting of real eigenvalues.

To compute these eigenvalues, note that all solutions of the eigenvalue equation
have the form ¢ = au, + bv, for some constants a, b. This function satisfies the
quasiperiodic boundary conditions (7.80) provided that (a, b) is an eigenvector of
M (1) with eigenvalue ¢'?. In other words, A is an eigenvalue of —Ay + V if and
only if ¢/? is a Floquet multiplier of the corresponding Hill equation. By (7.71), the
Floquet multipliers have modulus one precisely when |D(A)| < 2. Thus, we can
restate the conclusion of Theorem 7.22 in the form,

o(H) = U o(—=Ag + V). (7.81)
0eT

It is possible to establish (7.81) more directly via a continuous version of the
Floquet transform introduced in Section 4.1.4. For f € C3°(R), define

Uf@©;y):= R0 £ (x 4 k).

1

This operator extends to a unitary map from U : L3*(R) — L*(T; L%(0, 7)).
The space L3(T; L%(0, 7)) can be understood in terms of a notion called the
“direct integral” (see, e.g., Reed and Simon for details [71, §XIII.16]). The Floquet
transform allows us to interpret an operator on L2(T; L%(0,27)) as a family of
operators on L*(0, 27) parametrized by 6§ € T. The conjugate of H by U is the
family —Ag + V, and the characterization (7.81) follows from unitary equivalence.

The Floquet transform, in both discrete and continuous variants, can be adapted
to handle more general discrete group actions in higher dimensions. It plays a
fundamental role in spectral analysis for electron crystallography.

7.7 Exercises

7.1. For f € H'(R) and « > 0, consider the quadratic form

Oulf1:=11£15 = alf(0).
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(a) Show that Q is semibounded from below, meaning that there exists a constant
¢ such that

Qulf1= —cl fI?

forall f € H'(R).
(b) Show that there exists a self-adjoint operator A corresponding to Q, such that

Qalul = (u, Au)

for u € D(A). Describe D(A) and the action of A explicitly. (A is interpreted
as a Schrodinger operator with potential given by the Dirac point measure V =
—0(50.)

(c) Show that A has essential spectrum [0, co) and discrete spectrum consisting of
a single negative eigenvalue.

7.2. Suppose that H = —A 4 V is a self-adjoint Schrédinger operator on R”, with
domain satisfying D(H) contained in HI%C (R™). If ¢ is an eigenfunction of H and
the potential V is C™ on some open set U C R”, prove that ¥ is C¥ on U for
k<m+42—n/2.

73. LetV € leoc (R) be a real-valued potential, such that V(x) — 0 as [x] —
0o. This implies oess(—A + V) = [0, 0o) by Theorem 7.16. Assume that V < 0
and is strictly negative on a set of positive measure. Use the min—max principle
(Theorem 5.15) to prove that —A + V has at least one strictly negative eigenvalue.

74. let H=—-A+VforV e Cgo(R") with n < 3, and assume that V < 0.
(a) SetV =—p%forp e C°(R") and define the operator
B() = p(=A—=2)""p,

which is Hilbert-Schmidt for A < 0 by Theorem 7.16. Show that A < 0 is an
eigenvalue of H if and only if 1 is and eigenvalue of B(1)).

(b) Use min—max to show that the eigenvalues of B(A) are continuous increasing
functions of A.

(c) Ifn = 1or2, prove that —A+V has at least one negative eigenvalue by studying
the behavior of || B(A)|| as A — —oo or 0. [Hint: Use the Fourier transform to
estimate (u, B(\M)u).]

(d) Forn = 3, show that B(0) is a Hilbert—Schmidt operator and that the number of
eigenvalues of H is equal to the number of eigenvalues of B(0) strictly greater
than one.
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(e) For n = 3, use the Hilbert—Schmidt norm to deduce the Birman—Schwinger
bound,
dx &’ y.

1 V@)V
#odisc(H) < |BOV I = / VOV

(4m)? Jraxms |x — yI?

(Note that this shows that H has no eigenvalues if V is sufficiently small, in
contrast to (c).)

7.5. If the positions of the two electrons of the helium atom are represented by
coordinates (x,y) C R3 x R3, then the quantum Hamiltonian (with units scaled
out) takes the form

2 2 1
H=—-A,—Ay—— - = 1 ,
Iyl Ix =yl

acting on L2(RY).

(a) Use the Kato—Rellich theorem to prove that H is essentially self-adjoint on
Ccs (R®). [Hint: relative boundedness estimates for the three potentials may be
considered separately.]

(b) Based on the hydrogen atom calculation, a reasonable guess for the lowest
helium eigenfunction is

3
Yx,y) = a_e—a(IXIHyI)’
b4
with a > 0 a free parameter. Estimate X; by minimizing the Rayleigh-Ritz
quotient of i over a. (For comparison, the precise value is A; = —1.452 in
these units.)

7.6. Suppose ¥ is a real-valued eigenfunction of a Schrédinger operator —A + V
on R, with eigenvalue A. The set {V > A} is called the “classically forbidden”
region. (A classical particle cannot exist in this set, because kinetic energy cannot
be negative.) Suppose V > A on (xp, o0), and that 1 is at least CZ on this interval.
Prove the exponential decay formula,

ool = (1wl +avi=m)ep( - [ VO ar)
x0

for x > xg, where co := /| (x0)¥'(x0)], using the following steps.

(a) By changing sign if needed, we can assume that ¥ (xg) > 0. Show that this
implies that ¥ (x) > 0 and ¥'(x) < 0 for all x > xo.
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(b) For x > xo, let
X
h(x) = exp(/ V() — A dt).
X0
Show that (h>y ') = [(hy)']?, and use this to prove that

/X[(hw)/f dt < 2.

0

(¢) Use (b) to estimate || x); (hy) dt.

7.7. Consider the quantum harmonic oscillator H = —A + |x|? in R3, whose
spectrum is given by Theorem 7.4. Use spherical coordinates as in Section 7.4
to derive the eigenvalues and express the eigenfunctions in terms of spherical
harmonics.

Notes

Because of their importance in quantum mechanics, Schrédinger operators are one
of the most thoroughly studied areas of spectral theory. The literature is vast, and we
have given only a few introductory results in this chapter. For additional background
on the spectral theory of Schrodinger operators, see Davies [24], Edmunds and
Evans [28], Hislop and Segal [44], and Reed and Simon [71]. For a mathematically
oriented introduction to quantum mechanics, see Gustafson and Sigal [40] or Hall
[41].

The issue of dynamics, i.e., the evolution of solutions of the full Schrédinger
equation (7.11) as a function of time, is closely related to the theory of one-
parameter groups mentioned in the notes to Chapter 5. This theory leads naturally
to the subject of scattering theory, a central topic in quantum mechanics which we
have not touched on here. For mathematical treatments of scattering theory, see for
example Hislop and Segal [44], Reed and Simon [72], and Yafaev [96].

The perturbative methods discussed in Sections 7.2 and 7.3 are developed in
greater detail in Kato [49] and Reed and Simon [70, Ch. X].

There is a huge literature on the semiclassical theory of Schrodinger opera-
tors. Most results in semiclassical analysis rely on machinery (pseudodifferential
operator calculus) that lies outside the scope of this book. For an introduction to
semiclassical techniques, see Zworski [97].



Chapter 8 )
Operators on Graphs Qs

The spectrum of a finite graph can be defined in terms of its adjacency matrix. In
“spectral graph theory,” the eigenvalues of this matrix (or related matrices) are used
to analyze properties of the graph, such as connectivity.

The integer lattice discussed in Section 4.1.4 could be thought of as an infinite
discrete graph, with lattice points as vertices and edges connecting nearest neigh-
bors. The discrete Laplacian on Z", as defined in (4.10), involves only neighboring
vertices, and in fact differs from the adjacency matrix by a multiple of the identity.
We can thus adapt the formula for Az. to define the discrete Laplacian on an
arbitrary graph.

Spectral graph theory has a long history as an important tool in combinatorics,
with applications to network theory and computer science, as well as number theory,
chemistry, and mathematical physics.

Another way to build spectral models from graphs is by considering metric
graphs, for which a length is assigned to each edge. This identifies the edges with
intervals in R, allowing us to consider differential operators acting on a Hilbert
space defined as the direct sum of the L? spaces for each edge interval. In physical
applications, the operator is usually taken to be either the one-dimensional Laplacian
or a Schrodinger operator. This combination of a metric graph equipped with a
quantum Hamiltonian is called a quantum graph. Research in quantum graphs has
been motivated by in large part by physical applications, such as understanding the
electromagnetic properties of carbon nanostructures.

Note that the key difference between the discrete and continuous cases lies in the
support of the functions. In the discrete case the Hilbert space consists of functions
on the vertices, while in the quantum graph case they live on the edges. It is possible
to synthesize these two approaches and consider functions taking values on both
edges and vertices.

© Springer Nature Switzerland AG 2020 225
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In this chapter we will give a very brief introduction to the spectral theory of
graphs, focusing mainly on the case of quantum graphs. Our goal here is to highlight
the connections to the spectral theory developed elsewhere in this book. We refer the
reader to the notes at the end of the chapter for more detailed background sources.

8.1 Combinatorial Laplacians

The discrete Laplacian operators discussed in Section 4.1.4 involved a sum over
nearest neighbors in the lattice Z". This definition extends naturally to the frame-
work of graphs, with vertices considered to be neighbors if they are joined by an
edge.

Let I" be a graph with vertex set V and edge set £. Multiple edges between the
same pair of vertices are allowed. In principle we could allow loops also, but these
would be irrelevant for reasons explained below. For two vertices vy, vy € V, we
write vy ~ vy if v; and v, are connected by an edge of I". We will assume that the
maximum degree of I is finite, i.e., the number of edges connected to a vertex is
bounded.

Taking the definition of —Agzx in (4.10) as a model, we define the combinatorial
Laplacian of T as the operator on £%(V) given by

Lf) =Y Aj(f)— fv)), (8.1)

U_,'EV

where A;; is the adjacency matrix, which counts the number of (undirected) edges
connecting v; to v;. This operator is associated with the quadratic form

OLf, fl:= ) Aijlf) — fpl*. (8.2)

vi,v;€V

The sums in (8.1) and (8.2) are finite, by the assumption that I” has finite maximum
degree. Note that if we did allow loops in I", their contribution to these sums would
be zero, so henceforth we assume that I” has no loops. More general operators could
be defined by attaching weights to the edges and/or vertices, but we will consider
those cases here.

The adjacency matrix is symmetric, so if the maximal degree of a vertex of I
is finite, then Q[, -] is a bounded symmetric form, and L is a bounded self-adjoint
operator acting on £2(V).

If I" is a finite graph with m vertices, then ¢2()) is naturally isomorphic to C™,
and L is represented by a symmetric m x m matrix. We can write this matrix as

L=D-A,
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where A is the adjacency matrix defined above, and D is the diagonal matrix with
entries given by the degree of each vertex. For example, the graph pictured in
Figure 8.1 has

3000 0210
D— 0400 , A 2011
0030 1101
0002 0110
yielding the combinatorial Laplacian
3-2-1 0
[ — -2 4 -1 -1
-1 -1 3 -1
0-1-1 2

For infinite graphs, L might have continuous spectrum, as demonstrated by the
examples in Section 4.1.4.

Fig. 8.1 Graph with four 3
vertices and six edges

When the graph is not finite, we at least have that L is a symmetric operator
the space Co(V) consisting of functions supported on finitely many vertices. This
operator admits a unique self-adjoint extension by the following:

Lemma 8.1. As an operator on €>(V), L is essentially self-adjoint on the domain
Co(V).

Proof Since Lf is well defined for any function on V, we can characterize the
adjoint domain by

D(L*) = {f e 2(V): Lf e ZZ(V)}.

Because L is positive, to prove essential self-adjointness it suffices to show that
L* + 1 is injective, by Exercise 3.11.

Suppose f € D(L*) satisfies (L* + 1) f = 0. This means precisely that f €
£2(V) and

Lf =—f. (8.3)
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If f(wo) > 0 at some vertex wo € V, then evaluating (8.3) at wo gives

Y Avug (f(wo) = f() < 0.
veV

This means that wy has at least one neighbor, call it wy, for which f(w;) > f(wp).
Repeating this process inductively gives a sequence of neighboring vertices {w;}
such that the sequence of values f(w) is strictly increasing. Since I” is infinite, this
would contradict the assumption that f € £2(V). Therefore f < 0 at all vertices.
The same argument applies if we start from f(wg) < 0,s0 (L*+1)f =0
implies that f = 0. Therefore, L is essentially self-adjoint. O

Much of the interest in combinatorial spectral theory lies in the connections
between o (L) and the geometric features of I". We will illustrate this idea with
a few basic results for finite graphs.

For a finite graph I" with m vertices, let us arrange the eigenvalues in increasing
order,

OZ)\JS)‘«ZS"'S)‘-}H’

with A corresponding to the constant eigenfunction. Some basic properties of the
eigenvalues can be deduced by taking the trace of L. If I" has g edges (assuming no
loops), then the sum of degrees of the vertices equals 2g. Therefore, since tr A = 0,

m
Z Aj=tuD=2q.
j=2
It follows that

2q

This seemingly crude estimate is sharp in the case of the complete graph with m
vertices, for which Ay = --- = A,, = m.

Eigenvalues can also be estimated through the max—min principle (5.31), which
says, for example, that

Ay = inf M (8.4)
LR

As an application, let us derive a basic lower bound for A, in terms of the diameter

of the graph. The (discrete) distance between two vertices is the minimal number of

edges in a path connecting them, and the diameter of I' is the maximum distance

between two vertices.
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Theorem 8.2. For a finite graph of diameter d with m vertices,

1
Ay > —.
> = nd
Proof Consider a real-valued eigenfunction ¢, for 1. By (8.4), ¢, satisfies the
orthogonality condition

> $2(v) =0, (8.5)
veV
as well as
Ol¢2, 2]
Ay = =202 8.6
TE (6.0

Let vg denote a vertex where |¢;| attains its maximum value. A crude estimate gives

l$211* < mepn(vo)*. 8.7)

By (8.5), there is at least one vertex vy where has sign opposite to ¢2(vg). We
can thus find a sequence of adjacent vertices vy, .. ., vg, with k < d, such that

|2 (vo)| < |p2(vo) — P2(vi)l. (8.8)

By writing ¢2(vg) — ¢2(vi) as a telescoping sum and applying Cauchy—Schwarz,
we can estimate

k 2
($2(v0) — P2 (vp))* = (Z $2(v)) — ¢2<v,-_1>)
j=1
a 2
<kY ($2(v)) — 2 (v-1))

j=l1

< kQl¢2, ¢21.

Thus from (8.8) we have

1
Oléa, ¢2] > E¢2(v0)2~ (8.9)

Applying (8.9) and (8.7) to (8.6) yields the lower bound on A;. |
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8.2 Quantum Graphs

A metric graph is a locally finite graph I" with vertices ) and edges &, equipped
with a length function £ : £& — R,. Each edge ¢ € £ of a metric graph can
be identified with an interval [0, £(e)], at least up to orientation. The edges are
undirected, meaning that neither orientation is preferred. Loops and multiple edges
between a pair of vertices are allowed. Although open edges identified with [0, co)
are sometimes allowed in the definition, we assume here that £ is finite-valued.

A function f on I" is defined as a collection of functions f, : [0, £(e)] — C
for each edge e € £. The Hilbert space associated with the metric graph I is thus
defined as

LX) = @ L%(0, £(e)).
ecf

A quantum graph is a metric graph equipped with a quantum mechanical Hamilto-
nian operator H. For simplicity, we will focus on the case where this operator is the
Laplacian, — A, which acts as the differential operator —83 on each edge.

The extension of —A to a self-adjoint operator on L(I") requires the specifica-
tion of a domain. One possible choice is to apply Dirichlet boundary conditions on
each edge, so that the functions vanish at each vertex. Although this clearly defines
a self-adjoint operator, it has the effect of decoupling the edges. With Dirichlet
conditions at all vertices, the graph structure is forgotten and I' is effectively a
disjoint union of intervals.

The most common assumption in quantum graph theory is the Neumann—
Kirchoff vertex condition, which is a natural analog of Neumann conditions on an
interval. We saw in Section 6.1.3 that the Neumann Laplacian for a bounded open set
can be derived from the H! inner product, without imposing restrictions explicitly.
We can take the same approach for quantum graphs. From Example 2.24 we can see
that functions in H!(0, £) are continuous on the closed interval [0, £]. We extend
this definition to metric graphs by setting

HI(F) = {f € @ Hl(O, £(e)) : f is continuous across Vertices},
ec&

with the inner product

LFI30 = Y I fell-

eek

Following the Neumann definition (6.18), we introduce the domain

D(-A) = {ue H'(I') : (u, ) extends to L*(I")
(8.10)
as a bounded functional}.
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For u € D(—A), the condition on (u, -) ;1 implies, by the Riesz lemma (Theo-
rem 2.28), that there exists a unique f € L?(I") such that

<L{, g)H1 = <fv g)

forall g € HY(I"). We can then define —Au as f—ue L2(I'), so that
W', g) = (-Au,g). (8.11)

By the Friedrichs extension construction developed in Section 6.1.2, we obtain the
following:

Theorem 8.3. For a metric graph I', the Laplacian is self-adjoint on the domain
(8.10).

The terminology ‘“Neumann—Kirchoff” comes from Gustav Kirchoff’s law of
electrical circuits, which says that the total current entering a junction point is equal
to the total current flowing out of that point. The explanation for the usage of this
term for the operator defined by (8.10) is given by the following:

Lemma 8.4. If f € D(—A), then f restricts to function in C'[0, £(e)] on each
edge e € E. Furthermore, the derivatives at each vertex v € V satisfy

> flw =0, (8.12)

esv

where e > v means e contains v as an endpoint, and the convention is that the
derivatives are taken outward from the vertex.

Proof As noted above, f € D(—A) implies that A f exists in the weak sense and
is contained in L2(I"). Thus, each edge component f, has a weak derivative fl €
H'(0, £(e)). Functions in H'(0, £(e)) extend to H' functions on R, by Lemma 6.14,
and H'! functions are continuous in dimension one, by Theorem 2.26. Therefore
1, € €0, £(e)]. By Lemma 2.22, the continuity of £ implies that f, is classically
differentiable, and thus f, € C'[0, £(e)].

For f, g € D(—A) integration by parts on each segment gives

(f.g)=(=Af8)+ Y Y fl)g), (8.13)

vey e3v

with derivatives taken outward from the vertex. Since (8.11) holds for all g €
D(—A), from (8.13) we can deduce that (8.12) holds for each v € V. O

At a vertex of degree 2, (8.12) reduces to the condition that f’ extends
continuously across the vertex. Thus, under Neumann—Kirchoff conditions, a pair
of edges meeting at a vertex of degree 2 is indistinguishable from a single combined
edge with the lengths added together.
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Although Neumann—Kirchoff conditions are the most common choice, self-
adjointness holds for a more general collection of mixed vertex conditions. See
Berkolaiko and Kuchment [11, Thm. 1.4.4] for a description of the full set of
possibilities.

8.3 Spectral Properties of Compact Quantum Graphs

A quantum graph is compact if it has a finite number of edges, each of finite length.
Based on our experience with the Laplacian bounded regions in R", we would
expect a compact quantum graph to have discrete spectrum. Indeed, this follows
from an easy extension of the argument developed in Section 6.2.

Theorem 8.5. The Laplacian on a compact quantum graph has compact resolvent.
Therefore, its spectrum consists of a discrete set of eigenvalues {A j} with L ; — 0.

Proof By Rellich’s theorem (Theorem 6.9), the embedding H Ya,b) - LY%a,b)
is compact for a finite interval (a, b) C R. This implies that the embedding

B H' 0. L)) - L*(I)
eek

is compact, because £ is a finite set by assumption. Since H!(I") is a subspace of
®ece H(0, £(e)), it follows that the embedding

HY I — L*(IN)

is compact.

By the same argument used in the proof of Theorem 6.8, the resolvent of —A
is bounded as a map L>(I") — H'(I"). Therefore, the resolvent is compact as an
operator on L2(I"). The structure of the spectrum follows from the Hilbert—Schmidt
theorem (Theorem 4.21). |

Under Neumann—Kirchoff conditions, the lowest eigenvalue for any compact
graph is A1 = 0, corresponding to the constant functions. The multiplicity of zero
as an eigenvalue is the number of connected components of the graph.

If 4 is an eigenfunction with eigenvalue A = k2 for k > 0, then on each edge the
eigenvalue equation implies that v, is a combination of e***, Eigenvalues can be
computed directly by matching these solutions at the vertices and solving a linear
system for the coefficients.

Example 8.6. Consider an equilateral star graph consisting of m > 2 edges of
length £/m, meeting at a central vertex, as illustrated in Figure 8.2. The Neumann
conditions on the outer vertex require the eigenfunctions to be proportional to
cos(kx) in each edge, assuming x = 0 at the outer vertex. If the coefficient of
the jth edge is a;, then at the central vertex we have the continuity condition,

aj cos(k£/m) is independent of j,
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Fig. 8.2 Star graph with five
edges

and the Kirchoff circuit condition

k
Zaj sin(k€/m) = 0.
j=1
There are two families of solutions. Either

cos(kl/m)=0 and a;—+---+ar =0,

or

sin(kf/m) =0 and a; =ay =--- = a.

Therefore,

o(=A) = {(”2—’?)2:]'61\10},

where the multiplicity is m — 1 if j is odd and 1 if j is even.

233

O

Example 8.7. Let I' be an equilateral dipole graph, as illustrated in Figure 8.3,
consisting of two vertices joined by m > 2 edges of length ¢/m. The continuity
and vertex conditions for A = x2 admit solutions only when sin(k€/m) = 0. For
each k€/m € mN, then there are k — 1 independent eigenfunctions with each edge

solution proportional to sin(kx), and 1 with edge solution cos(xx). Thus,

Fig. 8.3 Dipole (or
pumpkin) graph with six
edges



234 8 Operators on Graphs

Tmj

o(—A) = {(7)2 j eNo}, (8.14)

with multiplicity & for all nonzero eigenvalues.

Suppose instead we consider an equilateral flower graph, as illustrated in
Figure 8.4. If the flower consists of m > 2 loops attached to a single vertex, then the
only difference from the dipole case is the fact that the cosine edge solutions only
occur for k€/m € 2N, by the continuity condition. The eigenvalue set is still given
by (8.14), but the multiplicity of (7rmj/£)? is only m — 1 for j odd. O

The dipole graph exhibits a novel feature of quantum graphs: there exist
eigenfunctions that vanish completely on some edges. This means that unique con-
tinuation, which we proved for the Laplacian on bounded domains in Corollary 6.16,
does not hold for quantum graphs.

Fig. 8.4 Flower graph with
seven edges

8.4 Eigenvalue Comparison

Eigenvalues of a quantum graph may be characterized by the min—max principle of
Theorem 5.15. Since the self-adjoint extension of —A is derived from a quadratic
form on H'(I"), we can apply the argument used in Theorem 6.18 to replace the
operator domain D(—A) by the form domain H'(I") in the min-max statement.
This yields the following:

Theorem 8.8. Let I" be a compact quantum graph, with eigenvalues {\} arranged
in increasing order and repeated according to multiplicity. If Ay denotes the
collection of subspaces of H'(I') of dimension k, then

2
Ak = min { max Ll . (8.15)
WeAg | ueWw\{0} ||’/i||2

As in other cases we have considered, the min—max principle is extremely useful
for comparison estimates.
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Corollary 8.9. Suppose that I' and I” are compact graphs, with respective eigen-
value sets {Ar} and {\y}, listed in increasing order and repeated according to
multiplicity. Assume that the two graphs are related in one of the following ways:

(a) I is obtained from I" by identifying a pair of vertices, preserving the edge
attachments.

(b) I is obtained from I' by splitting an edge at an interior point, introducing two
new vertices.

(¢) I is formed from I" by attaching a new graph to a single vertex of T.

(d) I is formed from I by lengthening an edge.

Then, for each k € N,

A > )Ik.

Proof By condition (a) there is a natural embedding of H Ly into H'! (f), since
both graphs have the same edge sets and the only difference between the H' spaces
is that fewer continuity constraints are imposed for H'(I"). Since the Rayleigh
quotient is preserved under this embedding, the eigenvalue comparison follows
immediately from the fact that I’ is given by minimizing over a larger collection of
subspaces.

Introducing a new vertex of degree 2 within an edge does not affect the spectrum.
Thus we can regard (b) as a special case of (a).

Now suppose that (c) holds. Let vg denote the vertex of I" where the new graph
I'" is attached to form I". Given a function u € H L(I"), we define an extension
i€ H'(I') by

- u, on [,
u =
u(vg), onlI’.
Because i’ = 0 on I'’, the Rayleigh quotient of & is bounded above by that of u.
Thus Ay is computed by minimizing a smaller quantity over a larger set, relative to
Ak.

Condition (d) can be handled with a combination of the previous results. First
add a new vertex of degree 2 within an edge of I, leaving the spectrum unchanged.
Then attach a loop to this new vertex, which can only decrease the eigenvalues by
(c). Finally, split the original edge at this new vertex to form a single longer edge,
which can only decrease the eigenvalues by (a). O

Our first application of Corollary 8.9 gives a lower bound on the eigenvalues
depending on the total length of the graph,

our) = ZE(@).
ecf

The following result is due to Friedlander [32].
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Theorem 8.10. If I" is a connected compact quantum graph with total length £(I"),
then

72k?

Ak > 2 (8.16)
Proof Friedlander’s argument involves reducing the graph to a tree, using Corol-
lary 8.9(b). To avoid some technicalities, we will prove the result only for k even,
using a simpler argument inspired by Kurasov—Naboko [54].

Let I be the graph obtained from I" by keeping the same set of vertices and
doubling each edge. The doubled edges are assigned the original lengths. A function
u € H'(I") can be lifted to a function i € H'(I") by simply copying the values of
u along repeated edges. Note i has the same Rayleigh quotient as u, because both
numerator and denominator are multiplied by 2. It thus follows from Theorem 8.8
that

A > ik.

Note I is a connected graph for which all vertices have even degree. By the
famous result of Euler, I" thus admits a cycle C which visits each edge once. We
can think of C as a graph with vertices of degree 2, such that I" can be formed by
identifying these vertices in pairs. Therefore, by Corollary 8.9(a),

A > 2 (0).

The nonzero eigenvalues of C each have multiplicity 2, so that

27 [k/2] )2

€)= ( ((C)

Since £(C) = 24(I"), it follows that
2
> wlk/2] .
()

This establishes the sharp result for k even, and a suboptimal lower bound of 72 (k —
1)2/4£(I")* when k is odd. O

Friedlander’s proof of Theorem 8.10 also shows that equality in (8.16) holds for
Az only if I" is an interval, and for A; with k > 3 only if I" is a star graph with k
edges (Example 8.6).

The example of the star graph shows A, could be arbitrarily large for a fixed
value of £(I"). However, upper bounds are possible if we include other information
such as the number of edges or vertices. To illustrate this, we will derive a simple
estimate for A, based on comparison to the following case:
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Example 8.11. Let I be a flower graph with only two petals, of lengths £ and 5.
We claim that

472

e — 8.17
(€1 + €2)? (8.17)

A2

To see this, note first that we can define an eigenfunction with the edge functions,
ui(x) = cos(k(x — £1/2)), uz(x) = cos(k (x + £1/2)),

where k = 27/(£1 + £2). This shows that 1, < k2.

On the other hand, I" can be constructed from a loop C of length ¢; + ¢» by
introducing two appropriately spaced vertices of degree 2 and then identifying them.
Corollary 8.9(a) thus implies that Ay > A2 (C) = k2. O

Theorem 8.12. Suppose that I' is a compact quantum graph with at least two
edges. If the two longest edges of I' have lengths €1 and {>, then

2y < 472
2= (01 + £2)%

In particular, »y < (/)% where € denotes the mean edge length of I’

Proof 1f we identify all of the vertices of I" to form a flower graph, this can only
raise the eigenvalues by Corollary 8.9(a). Dropping petals from this flower can also
only raise the eigenvalues, by Corollary 8.9(c). Therefore, we have

)‘k =< )\'k(Ffl,Zz)v

where Iy, ¢, is the flower with two petals of lengths £1, £>. The estimate now follows
from (8.17). |

8.5 Eigenvalue Asymptotics

By studying the linear system for coefficients of eigenfunction components in a
compact quantum graph, we can develop the analog of a characteristic polynomial,
whose roots give the eigenvalues. The presentation in this section is based on the
more general discussion in Berkolaiko and Kuchment [11, §2.1]. Here we consider
only Neumann—Kirchoff vertex conditions for simplicity.

As we noted above, the lowest eigenvalue of a compact graph is zero, with
multiplicity equal to the number of connected components of the graph. Thus we
are only concerned with eigenvalues A = «2 > 0, for which the eigenfunctions are
linear combinations of e*“* in each edge.

Let us focus first on a single vertex v, with d edges. Assume that these are
parametrized by variables xi, ..., xg such that x; = 0 at v. In terms of these
coordinates, an eigenfunction Y with eigenvalue «2 takes the local form,



238 8 Operators on Graphs

W/(X/) = ajei'(xj + ﬁjg_i’(xj (8.18)

on the jth edge, for some complex coefficients o; and B;. We label the terms
e'**i as “outgoing” from the vertex, while the e ~/*¥/ solutions are “incoming.” This
distinction reflects the behavior of wavefronts of the corresponding solutions of the
wave equation.

The continuity requirement at the vertex implies that

Y(v) =aj + Bj, (8.19)

independent of j. After factoring out i«, the Kirchoff circuit condition is

m

D (aj—pBj)=0. (8.20)
j=1
If O denotes the orthogonal projection onto the span of (1, ..., 1) in C¢, then in
terms of vectors « = («q,...,aq) and 8 = (B1, ..., Ba), the conditions (8.19) and

(8.20) take the form
Qe —p)=0, (I - Q)(a+p)=0.
Adding these equations together gives
a=20-Dp. (8.21)

This is called the scattering relation for the vertex; it describes the relation between
incoming and outgoing solutions. For future reference, note that 2Q — I is a unitary
matrix, because Q is a projection. All of the matrix elements of Q are equal to 1/d,
so we can write (8.21) explicitly as

2 2
oj = (3 - l)ﬂj +7 Z,Bi~ (8.22)

i#]

On the full graph I', we must deal with the fact that the edges do not have a
preferred orientation. To account for this, we decompose each edge into a pair of
bonds, each carrying one of the possible orientations. For each bond j we assign
a coordinate x; which parametrizes the bond in the direction of its orientation,
with x; = 0 at the initial vertex. If I" has m edges, then this gives coordinates
X1, ..., X2m, covering each edge twice in opposite directions. In terms of these
coordinates, an eigenfunction v with eigenvalue x> > 0 can be written locally
as

vi(xj) = e (8.23)

on the jth bond, where y; € C.
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To impose the scattering relations at each vertex, we introduce some notation for
relationships between bonds:

(i) —j denotes the partner bond to j carrying the opposite orientation on the same
edge.
(i) i < j means that i precedes j (the initial vertex of j is the final vertex of i).

For each bond j we let £; denote the length of the corresponding edge.

The term yjei"xi in (8.23) is outgoing from the initial vertex of bond j. In
contrast to (8.18), the incoming solutions are parametrized with variables x; such
that x; = ¢; at the central vertex. Thus, in the bond notation, the formula (8.22)
translates to

2 2 -
vi=\—1)repe i+ D e, (8.24)
dj U i<jidmi

where d; is the degree of the initial vertex of bond j.
To simplify (8.24), we introduce the bond scattering matrix

2/dj -1, i=-j,
Sii = 12/d;, i < jwithi # —j,
0, else,
and the diagonal length matrix
Liji:=4€;djx

(which is 2m-dimensional, with each length appearing twice). Then (8.24) translates
to

y = Sel<Ly. (8.25)

The matrix S is unitary, by the unitarity of the vertex scattering operator 2Q — [
from (8.21). Thus Se’*L is unitary as well.

Since —A has an eigenvalue at k> > 0 if and only if the system (8.25) has a
nontrivial solution, we immediately obtain the following:

Theorem 8.13. The eigenvalues A = k> > 0 of the Neumann—Kirchoff Laplacian
are equal, with multiplicities, to the positive roots of

F(t) := det(I — Se''t) = 0.

The equation F(t) = 0 is called the secular equation for I". To prove that this
formula captures the correct multiplicities, we first analyze the eigenvalues of the
unitary matrix Se'’’. The following lemma is an adaptation of a classical result for
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analytic families of normal matrices, specialized to the unitary case. See, e.g., Kato
[49, Thm. I1.1.10] for a proof.

Lemma 8.14. Let U (¢) be a family of unitary n x n matrices depending analytically
on t € R. There exists an orthonormal basis of eigenvectors {v;(t)}, with
corresponding eigenvalues {e'% Y, such that the functions v it R — C" and
0 : R — R are real analytic.

By Lemma 8.14, we can assume that the eigenvalues of Se'’’ take the form
€% with a corresponding orthonormal basis {v ()} for C2" | with 0 i and v;
being real analytic functions. Differentiating the equation,

Se''ty; = elfiv;, (8.26)
with respect to ¢ gives
Seitk [iij + v;] = el [i@}vj + v;]

Taking the inner product of this equation with (8.26), and using the fact that v; - v} =
0, because v; is a unit vector, we obtain

0, = v - Lv;. (8.27)

Proof of Theorem 8.13 1t is clear from (8.25) that 2 is an eigenvalue if and only
if F(k) = 0. By the definition of 6;(¢) given above,

2m

Foy =] (1 — ei‘)f(f)). (8.28)

j=1

The multiplicity of x> as an eigenvalue is the number of values of j for which
0j(k) € 2mZ. By (8.27) and the positivity of L, we have HJ’. () > Ofor all . Hence
the zeros of (1) = 2wk are simple for each k € Z. Therefore, the eigenvalue
multiplicity is equal to the degree of vanishing of F (¢) at the root. O

Example 8.15. Consider a flower graph with two loops of lengths £, £7, as in
Example 8.11. Assign bonds {1, 2} to the first loop, and {3, 4} to the second. Since
all bonds are connected to the central vertex of degree 4, the bond scattering matrix
has the form

1 -1 1 1
=1 1 1 1
S=-
21 1 1 141

I 1 -1 1
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The four eigenvalues of Se'’’ are given by e!’‘l, ¢i'f2, and +e!!(C1+62)/2 i
accordance with Lemma 8.14. The secular equation is thus given by

(1 _ el'tfl)(l _ 8”22)(1 _ eil(£1+£2)) — 0

Reading off the positive roots gives the full spectrum,

2 2 2
5(—A) = {0} U (27‘[N) U <2nN> U( 27N ) .
A 12 L1+ 4o

8.5.1 Weyl Law

In Section 6.5, we saw that the asymptotic distribution of eigenvalues of the
Dirichlet Laplacian on a bounded open set satisfies an asymptotic power law with
exponent equal to half the dimension. In this section we will establish a quantum
graph version of the Weyl law. This is a sharp version of the asymptotic

#A€o(—A) <1}~ @t%,

reflecting the fact that a quantum graph is effectively one dimensional with volume
o).

Theorem 8.16. Let I' be a finite quantum graph with m edges and total length
L(I"), with —A the Neumann—Kirchoff Laplacian. Assuming that eigenvalues are
counted with multiplicity,

#lkleo(-A):a<k <b}= E(N—F)(b —a)+ 0(1),

uniformly for 0 < a < b.

Proof Let 0;(t) be the phases of the eigenvalues of the unitary matrix Sel'l | as
defined in the proof of Theorem 8.13. Each eigenvalue 2, counted with multiplicity,
corresponds to a point where 6; € 27 Z for some particular j. Between a and b, the
number of such points for each j is approximately given by [6;(b) — 0;(a)]/2,
with an error of at most 1. Thus,

12m

#likeo(=A): a<k <b)= P > [6;) = 0;(@)] + R(a. b),
j=1

with |R(a, b)| < 2m.
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Using the derivative formula (8.27), we can write

2m

1 1 2m b )
Zjﬂ[e‘,(b) —8j(@)] = g;/a 0)(t) dt

1 2m b
=2—Z/ v; () - Lvj (1) dt,
”./:1 a

where v;(#) is the jth eigenfunction branch. Since {v;(¢)} is an orthonormal basis
of C2™ for each ¢,

2m

> i) - Lvj(t) = r L = 2¢(I")
j=l

independent of ¢. Therefore,

2m
1 or
7 > [6;b) —0(@)] = —(n )(b —a),
j=1

and the result follows. O

8.6 Exercises

8.1. Let I be a compact quantum graph with Laplacian —A defined using
Neumann—Kirchoff vertex conditions. Assume that I" is equilateral, meaning that
all edges have the same length £. A variant of the combinatorial Laplacian L on I"
is the normalized Laplacian given by

where A and D are the adjacency and degree matrices of I". For o # wZ/{, prove
that 02 € o (—A) if and only if 1 — cos(o£) is an eigenvalue of L.

8.2. Let I' be a compact quantum graph with Neumann—Kirchoff Laplacian —A
and eigenvalues {A,} arranged in increasing order. Let {u,} be the eigenvalues of
the Laplacian defined by imposing Dirichlet boundary conditions at a single vertex
vo (leaving all other vertices unchanged).

(a) Prove a min—max formula for w,,.
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(b) Use the min—max formula to show that for all n, the eigenvalues satisfy

An < Mp < Apti-

8.3. For a compact quantum graph I', let Iy be the corresponding graph with
Dirichlet conditions imposed at all vertices (effectively splitting the graph of a
disjoint collection of intervals). Using the result of Exercise 8.2 to compare the
eigenvalue counting functions of I" and Iy, provide a direct proof of the Weyl
asymptotic:

#reo): A<t)= E(N—F)«/?+ o(1).

8.4. Let I be a flower graph with lengths ¢, ..., £, where m > 2. Suppose the
Neumann—Kirchoff eigenvalues are arranged in increasing order, starting from A =
0. If the total length £ = ) £; is fixed, prove that A, is maximized in the equilateral
case, where £; = £/m for all j.

8.5. Let I" be a compact quantum graph with vertices V. Given a function ¢ : V —
R, the analog of Robin boundary conditions are the vertex conditions

> W) =a@)f),

esv

for all v € V. Find the quadratic form on H L(I') that corresponds to these
conditions, and use it to prove that the Robin Laplacian is well defined as a self-
adjoint operator on L(I").

8.6. Suppose that " and I" are compact quantum graphs, and that I" is obtained
from I" by identifying a pair of vertices, as in Corollary 8.9(a). If {A;} and {A} are
the corresponding eigenvalues in increasing order, prove that

Me < Akt

for all k.

Notes

For an introduction to combinatorial graph theory, see Chung [22]. Additional
background on the spectral theory of quantum graphs may be found in Kuchment
[53], Berkolaiko and Kuchment [11], or Berkolaiko [10]. It is possible to define
spectral theory in a hybrid context where functions on a metric graph take both
discrete values at the vertices and continuous values on the edges. This setting,
which is motivated by applications in number theory, is developed in Baker and
Rumely [7].



Chapter 9 ®
Spectral Theory on Manifolds e

In previous chapters, we have studied the spectral theory of a variety of operators
based on the Laplacian on R". Many modern applications of spectral theory,
in differential geometry, topology, and number theory for example, involve the
Laplacian associated with a Riemannian metric. In many contexts, this geometric
version of the Laplacian admits a natural self-adjoint extension, and its spectral
theory can therefore be used to define geometric invariants.

The goal of this chapter is to lay the groundwork for the study of “spectral
geometry,” the study of the spectral theory of naturally defined geometric operators.
We will give a very basic introduction to Riemannian geometry, explain how the
Laplacian is defined, and develop some basic tools for its analysis. This discussion
is intended to be self-contained, so its scope is necessarily rather limited. The
most serious omission is the topic of curvature. Although curvature is of central
importance in spectral geometry, it requires more technical background than our
brief introduction will allow. Suggestions for further reading are given in the notes
at the end of the chapter.

9.1 Smooth Manifolds

A topological manifold is a second countable Hausdorff space which is locally
homeomorphic to R”. For the benefit of readers who do not know this topology
background, the essential consequence of this definition is that a manifold admits
a set of local coordinate parametrizations modeled on R”, such that the changes of
coordinates between parametrizations are smooth.

In order to avoid a lengthy digression into topological details, we will use the
equivalent but more elementary definition of Guillemin and Pollack [39], where
manifolds are defined as subsets of Euclidean space. This approach relies on the
induced topology on a subset A C R?. In the induced topology, a subset of A is
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open if and only if it is the intersection with A of an open set in RY. For example,
the set A itself is both closed and open in the induced topology on A.

A smooth structure is induced on A in a similar way. A function f : A — R" is
smooth if each point p € A admits an open neighborhood U C RY on which there
exists a smooth function f : U — R” such that the restriction of f to A agrees with
f. A diffeomorphism between subsets of R? and R” is an invertible map which is
smooth in both directions.

Definition 9.1. A manifold of dimension n is a subset M C RY, equipped with the
induced topology described above, which is locally diffeomorphic to R".

The condition “locally diffeomorphic to R"”” means that each point of M has
a neighborhood U and a diffeomorphism i from U to an open set V e R".
This map v, called a coordinate chart, is typically written in component form as
Y = (x!,...,x"). The inverse map ¥ ' defines a parametrization of U using
the coordinates (xl, ..., x™), as illustrated in Figure 9.1. The fact that coordinate
indices are raised is part of a useful convention which we will explain below.

A set of coordinate charts covering M is called an atlas. If two coordinate
charts (Y1, Uy) and (y2, Us) overlap, then the change of coordinates is given by
a transition map

Y1 oy (U NU2) — v (Up N Uy,

which is a diffeomorphism.

The implicit function theorem provides a good source of examples of manifolds.
For n < g, suppose that F : R? — R?7" is a smooth function and that d F has
maximal rank ¢ —n at all points in the preimage of @ € R9™". Then F~!{a} is locally
diffeomorphic to R”, by the implicit function theorem, and is hence a manifold of
dimension 7.

Smoothness of maps between manifolds can be formulated in terms of local
coordinates. A function f : M| — M> is smooth if and only all of its realizations in
local coordinates are smooth. Two manifolds are considered equivalent if they are
related by a global diffeomorphism.

Because each point has a neighborhood diffeomorphic to an open subset of R”, a
manifold has no boundary points. To allow for a boundary, we modify the definition

Fig. 9.1 A coordinate chart
on a surface in R3
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by taking the closed half-space M = {x" > 0} C R”" as a model for the local
neighborhoods.

Definition 9.2. A manifold with boundary of dimension n is a closed subset Qc
R4 that is locally diffeomorphic to R’} .

In standard usage, term “manifold” refers only to the case of Definition 9.1,
without boundary. However, the term “manifold with boundary” is inclusive, i.e.,
the boundary is allowed to be empty as a special case. This is consistent with
Definition 9.2, because the neighborhoods of M could all lie in the interior.

For a manifold with boundary £2, the interior £2 is a manifold in the ordinary
sense. Points in the boundary 942 are necessarily mapped to the hyperplane 0R” =
{x™ = 0} in local coordinate patches. It follows that the restrictions of coordinate
charts to dR”, form an atlas for 92, giving the boundary the structure of a manifold
of dimension n — 1.

By definition, a smooth map into a neighborhood of M admits (locally at least)
a smooth extension to an open subset of R”. Thus a manifold with boundary admits
arealization as a closed subset of a larger manifold without boundary.

9.1.1 Tangent and Cotangent Vectors

In vector calculus, the tangent vectors to a manifold M embedded in RY would
be defined in terms of derivatives of parametrized curves. That is, a tangent vector
to M at the point p is the derivative y (f9) C R? of a smooth parametrized curve
y : (a,b) - M, for which y (ty) = p.

The problem with this definition is that it depends explicitly on the embedding.
To avoid this dependence, we focus on the fact that a curve also defines a directional
derivative. With M and y as above, for f € C° (M) the derivative of f o y at 1y
depends on the curve only through y (f9) and y (tp), by the chain rule. We can thus
identify y (7o) with the directional derivative map,

d
f= E(foy)(to)- O.1)
This interpretation is the motivation for the following:
Definition 9.3. A tangent vector at a point p € M is a linear map
v:feC®M)— v(f) eR,

with the following properties. For f, g € C*°(M),

(1) v(f) = v(g) provided f = g in some neighborhood of p (locality);
(i) v(fg) = f(pv(g) + g(p)v(f) (derivation).
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Under Definition 9.3, we can still interpret tangent vectors to curves via (9.1),
and we continue to use the notation y (ty) for such “velocity” vectors.

Directional derivatives in calculus are often decomposed as linear combinations
of partial derivatives. The analog of a partial derivative on a manifold is a derivative
with respect to local coordinates. With the components of a coordinate chart i :

UcC M — V C R" written as (x], ..., x™), we define the tangent vectors
0 f = ——(f o)
J ) 3Xj ’
for j = 1,...,n. It follows from the fact that ¥ is a diffeomorphism that {9},

forms a basis for 7, M when p € U. The collection {d;} is called a coordinate
frame. In Figure 9.1, we can visualize this frame as a set of tangent vectors running
parallel to the coordinate lines.

The space of tangent vectors to M at p is denoted by 7, M, and the union of
tangent spaces is the tangent bundle,

™ := | J T,M.
peM

The coordinate frames give a natural set of coordinate patches for T M, so the
tangent bundle is also a manifold.

Notice that the indices on the frame vectors d; are lowered, while coordinate
indices are raised. The convention, introduced by Albert Einstein, is that pairs of
upper/lower indices on the same side of an equation are implicitly summed over:

n
aibi = Z aibi.

i=1

We will adopt this Einstein summation convention for the remainder of the chapter.
A vector field on M is a smooth map v : M — T M such that v, € T, M for
each p € M. With respect to a local coordinate frame, the vector field has the form

v =19,

for some real-valued functions v’ defined on the coordinate patch. The smoothness
of the vector field is equivalent to the condition that the coefficients v’ are smooth
in each coordinate patch. Since tangent vectors are identified with directional
derivatives, a vector field can be interpreted as a first-order differential operator
on C®(M).

The vector space dual of 7), M is denoted by 7,; M, and its elements are called
cotangent vectors. The union of all of the cotangent spaces forms the cotangent
bundle
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* ,_ *
T*M = ) TyMm.
pEM

A natural way to obtain cotangent vectors is by differentiation of functions. Given
a smooth function f € C*°(M; R), the differential df, € T, ;,"M is the evaluation
map

dfp() :==v(f), 9.2)
for v € T,M. Applying this definition to a set of local coordinate functions
xL .o, x™) gives a local coordinate frame (dx', ..., dx") for T*M. The coor-
dinate frames for T M and T*M are dual bases, in the sense that

dx'(3)) = &', 9.3)

where 8; is the usual Kronecker delta, adapted to the Einstein index convention. By

(9.3), the pairing of a cotangent vector £ = a jdxj with the tangent vector v = v';
takes the very natural form,

E.v:ajvj.

The summation convention also makes it easy to apply the chain rule by simply

matching index pairs. For example, for two sets of coordinates (x!, ..., x") and
(y', ..., y"), the coordinate frames are related by
R A ox!
dyl = 2 axi, 8=
dxt Y 8y]

The above definitions of tangent and cotangent vectors apply also to a manifold
with boundary £2. If a boundary neighborhood is parametrized by coordinates
(xl, ..., x"), with x,, > 0, then this defines a local coordinate frame {d;} for TS.
At a boundary point p € 952 the tangent space is still isomorphic to R”, but we can
distinguish the vectors as inward, tangent to 952, or outward, according to the sign
of the coefficient of 0,,.

9.1.2 Partition of Unity

For many of the arguments given in this chapter, we will reduce calculations to local
computations in R” using coordinate patches. To make this work, we need a way
to piece together objects defined in local coordinates into a structure defined on the
full manifold. In this section we will describe the essential tool for this purpose, a
smooth partition of unity.
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By the Heine—Borel property, closed and bounded subsets of R” are compact.
This implies that a manifold M defined according to Definition 9.1 is locally
compact, meaning that each point has a neighborhood whose closure is compact.
Any open cover of M can be reduced to a locally finite cover, meaning that each
point is contained in only a finite number of sets in the cover. In particular, we can
assume that the coordinate atlas on M is locally finite.

Lemma 9.4 (Partition of Unity). Let {U;, ¥} be a locally finite atlas for M.
There exists a collection of functions y; € Cy°(M) such that x; has support in
Ujand

ZX]' = 1.
J

Proof For each j, the set
Fj:={xeUj: x ¢ U forallk # j}

is a closed subset of U;. We can choose a positive function 2; € C3°(M) with
support in U; such that 4; = 1 on Fj; this guarantees that at least one 4 ; is nonzero
at each point of M. We then set

N 0152
1) = Y ihix)

There is no convergence issue for the sum in the denominator, because only finitely
many terms are nonzero for each x. O

9.2 Riemannian Metrics

A Riemannian metric is a family of inner products g(-,-) on T,M that varies
smoothly as a function of p. In a coordinate frame, the metric is represented by
a symmetric, positive matrix with elements

gij = 8(9;, 9;).

For example, in Cartesian coordinates, the Euclidean norm is given by the identity
matrix, 8ij = 8,']‘.

The condition that g is smooth means that the components g;; are smooth
functions in each coordinate patch. In terms of the coordinate basis for T;M , wWe
can use the summation convention to write

g = gij dxi ®dxj.
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The norm on T, M associated with g will be denoted by

lvlg == Vg, v)

forve T,M.

Given a Riemannian metric, we can define the speed of acurve y : I — M as
|V |g. Assuming that [ is a finite interval, the arclength is then given by the usual
formula,

L(y) == /;|)}|g dt. 9.4)

Let s denote the displacement along the curve, measured from a starting time ¢y € 1,

t
s(t) = / 1yl dt’. 9.5)
4]

In local coordinates, this formula reduces to

t
s = [ ey ar.
fo

We often write this relationship between metric and length in abbreviated form as
an expression for the infinitesimal length element squared,

ds* = gl-jdxidxj. (9.6)

This gives a convenient shorthand for specifying the metric in coordinate form. For
example, the Euclidean metric in R? is written as ds®> = dx? + dy? in Cartesian
coordinates, or ds? = dr? + r2d6? in polar.

Example 9.5. The historical prototype for a Riemannian manifold is a regular
surface embedded in R?, with metric induced by the three-dimensional dot product.
Here are a few cases of induced surface metrics:

1. For a graph z = f(x, y), we use the obvious parametrization,
o(x,y) =, y, f(x,y)).
The tangent vectors 9y and d, correspond to three-dimensional vectors
ox = (1,0, fx), oy = (0.1, fy),

respectively, where the subscripts denote partial derivatives. The components of
the induced metric are given by

811 = Ox * Ox, 812 = 421 = Oy * Oy, §22 = Oy * Oy.
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In the notation (9.6) the metric would be written as
ds® = (14 f2)dx> +2f, fy dx dy + (1 + f7)dy”.

2. Consider a surface of revolution defined by z = h(r), with the polar coordinate
parametrization,

o(r,0) = (rcos6,rsiné, h(r)).
The tangent vectors 9, and dy correspond to the three-dimensional vectors
o, = (cos@,sinb, h;), oyp = (—rsiné, rcosf, 0).
Taking dot products as above gives the induced metric
ds* = (14 h})dr* + r* do>.
3. The standard parametrization of the unit sphere S? is
o(p,0) := (singcos b, sinp sin 6, cos ¢),

where ¢ is the polar angle and 6 the azimuth. Taking coordinate derivatives and
dot products gives the metric

ds* = dg* + sin® ¢ d6*.

¢

The definition (9.4) of arclength determines a metric structure on M, with
distance function

dist(p, q) := inf[ﬂ(y) Yy € C®([0,1], M), y(0) = p,y(1) = q}. 9.7)

We will see below that the metric topology generated by dist(-, -) is compatible with
the preexisting manifold topology on M. By (9.6), we can interpret the Riemannian
metric as the infinitesimal form of the distance function dist(-, -).

To define Riemannian metrics on manifolds with boundary, we impose the
smoothness requirement up to the boundary, meaning that the matrix elements
gij admit local smooth extensions across the boundary. Under this definition, a
Riemannian manifold with boundary can be realized as a closed subset (with smooth
boundary) within an ordinary Riemannian manifold.

The restriction of g to vectors which are tangent to the boundary defines a metric
h on 9 M. In local coordinates, (with the boundary given by {x,, = 0}) this boundary
metric is simply given by

hij = gij 1y =0°

fori,je{l,...,n—1}.
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9.2.1 Geodesics and the Exponential Map

To understand the distance structure defined in (9.7), it is helpful to work out the
necessary local conditions for a path to minimize distance. For this purpose we
use the Euler—Lagrange equations for a critical point of the length functional such
as £(-). These variational equations can be worked out explicitly by considering
families of perturbations of a curve y. It is possible (and generally preferable) to do
this in a coordinate-free way, through the introduction of connections and covariant
derivatives. However, since we will not need such technology elsewhere in this
chapter, we will simplify the discussion by developing the variational equations in
local coordinates.

Suppose y : [0,b] — M is a smooth curve contained in a single coordinate
patch, with components (y!,..., ") We will assume that y is parametrized at
constant speed ¢, which by (9.6) means that

gijy'y) =¢. 9-8)
Consider a variation of y defined as
y}{ =y +hnl,

where each 7/ is a smooth function [0, 5] — R with n/ (0) = n/ (b) = 0,and h € R
is sufficiently small, so that y;, stays within the patch. The length of this perturbed

curve is
b —
£(yn) =/ Ve&iiviyi dr.
0

The assumption that £(y) is minimal implies in particular that # = 0 is a critical
point of & — £(y},). Thus gives the variational equation,

d
—tom)| =0, 9.9)

for all .
To compute the derivative in (9.9), we must keep in mind that the coefficients g;;
appearing in the integrand also vary along y;,, so that

d k
Egij}hzo = (OkgijIn"-

Under the constant speed assumption (9.8), we thus calculate

d 1 rb | .
¢ ‘ — il £ (8,0 n*vivd |dr
an (vn) o C/O [gzﬂ/ n +2( &Ny 7/}
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Applying integration by parts to the 7 term then gives

LA _l/b “(a") + 3 kg ot
dh Vh heo _ © ) dr 8ikVY 2 k&ij)Y V. N s

since 1 vanishes at the endpoints. It is now clear that (9.9) will be satisfied if and
only if

d .1
E(gikyl) = 5(3kgij)yl3/]~ (9.10)

To write (9.10) in a more standard form, we take the derivative on the left and
multiply by the inverse matrix g'/. This yields the geodesic equation,

P+ Ty iyt =0, (9.11)

where I ]’ ¢ 18 the Christoffel symbol

4 1 .
}k = 5811[3jglk + kgl — 3zgjk]. (9.12)

It is straightforward to check that any solution of (9.11) satisfies the speed equation
(9.8) for some constant c.

Since the length functional does not depend on the choice of coordinates,
it follows that the geodesic equation is invariant under changes of coordinates.
(The left-hand side of (9.11) is the coordinate representation of the “covariant
acceleration” vector.)

Definition 9.6. A geodesic on a Riemannian manifold is a curve which satisfies
(9.11) in each local coordinate patch.

Example 9.7. Consider the sphere S?, parametrized as in Example 9.5 with the
spherical coordinates ordered as (¢, 8). The only component of the metric that has
a nonzero derivative is

01822 = 2sing cos ¢.
Therefore
L g 2 _ 2
hy = —SINQCos @, I'; = I = cotg,

and all other components are zero. The geodesic equations (9.11) for a curve y (¢) =
(p(1), 0(¢)) reduce to

¢ = 62 sin ¢ cos ¢, 6 = —2¢0 cot .
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An obvious family of solutions is given by taking & = 6 (constant) and ¢ = 0. This
yields a meridian at longitude 8y. The equator ¢ = /2 is the only other case that
has a simple expression in this coordinate system, but the symmetry of the sphere
implies that all other solutions are also “great circle” routes. O

To establish the existence of solutions to the geodesic equation, let us consider
v' := p’ and ' as dependent variables, so that we can write (9.11) as a first-order

system in 2n variables,
d yi vi
100 )

The classical existence and uniqueness result for first-order systems is the Picard—
Lindelof theorem (also called Cauchy-Lipschitz). It can be proven as an application
the contraction mapping principle, under a range of regularity assumptions. For our
purposes, the relevant version is the following, adapted from Lee [58, Thm 7.9]:

Theorem 9.8 (Picard-Lindelof). Let U be a domain in R", and f : U — R" a
smooth map. Given qy € U, choose ry so that B(qo; 2ro) C U. Then there exists
8 > 0, depending only on ro and the C' norm of the restriction of f to B(qo; 2ro),
such that for each q € B(qo, ro), the system of ODE

a _ 0) = 9.14

has a unique solution y,(t) for |t| < 8. The function (t, q) > y4(t) is smooth on
(=38, 68) x B(qo, ro)-

The geodesic system (9.13) is of the form (9.14), with
fGE N = @, Thv/v*).

The functions I” ]’ « are smooth, so f is clearly bounded with respect to the C ! norm
for x contained within a coordinate neighborhood and |v|; bounded. The existence
and uniqueness result of Theorem 9.8 thus yields the following:

Corollary 9.9. Given a point p € M, there exists a neighborhood U C T,M,
containing 0, and § > 0 such that for each v € U there is a unique geodesic
Yy 1 (—=6,8) => M with

yu(0) = p, Y(0) =v.

The solutions provided by Corollary 9.9 satisfy a useful homogeneity property
with regard to the velocity. To see this, suppose that y,, is a geodesic defined for
[t] < é. For @ > 0 the rescaled curve ¢ +— y,(«t) is also a solution of the geodesic
equations. By the chain rule,

d
E)/U(at)‘tzo = av.
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Fig. 9.2 A tangent vector
and its image under the
exponential map

Therefore, by uniqueness of solutions, y,, exists for |¢| < §/« and satisfies

Yau (1) = yo(at). 9.15)

From (9.15), we can see that there exists a sufficiently small neighborhood U C
T, M in Corollary 9.9 such that y,(¢) exists forall0 <7 < landv € U. On such a
neighborhood, we define the exponential map exp, : U — M by

exp, (v) := yu(1), (9.16)

as illustrated in Figure 9.2.

The smooth dependence on initial data from Theorem 9.8 implies that exp,, is
smooth.

From the exponential map we can derive a very useful set of local coordinates on
M. For this purpose, we need first to establish local invertibility.

Lemma 9.10. For each p € M, there is a neighborhood U, C T,M, containing
zero, such that the restriction of exp,, to U, is a diffeomorphism onto its image in
M.

Proof Let us compute the differential of exp,, at 0. Since T, M is a vector space,
we can naturally identify To(7, M) with T, M. Under this identification, we can use
(9.15) to compute

d
d(expp)ow = 7 expp(tw)itzo

d

=~

d
= EYw(t)L:O

= w.
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Thus, asamap T,M — T, M,
d(exp,)o = 1. 9.17)
Since d(exp,)o is nonsingular, the inverse function theorem implies that the

restriction of exp,, to some neighborhood of 0 is a diffeomorphism. O

To obtain coordinates from the exponential map, we fix an orthonormal basis
{e;} for T, M and parametrize the neighborhood U, produced in Lemma 9.10 by
identifying (x!,...,x") € R" with x'e; € T, M. Composing this with exp,, yields
a geodesic normal coordinate patch

Yx', . x") = exp, (xhe). (9.18)

An example is shown in Figure 9.3.
Within a geodesic normal patch, we define the radial coordinate,

rm G F G ©9.19)
The maximal value of r at the point p is called the injectivity radius,
inj(p) = sup{ro > 0: exp, is adiffeomorphism for r < ro}. (9.20)

For example, the unit sphere pictured in Figure 9.3 has injectivity radius equal to &
at every point.

One of the key features of geodesic normal coordinates is the fact that the metric
approximates the Euclidean model as closely as possible at the base point.

Lemma 9.11. In geodesic normal coordinates (xl, ..., x™), the partial derivatives
ok gij and Christoffel symbols Fl’; vanish at x = 0, and the metric satisfies

gij =8 + O(x|). 9.21)

Fig. 9.3 A geodesic normal
coordinate patch centered at
the north pole of a sphere
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Proof By (9.18) and (9.17),

0jlx=0 = e;.
Since {e;} is orthonormal, this implies that

8ijlx=0 = &ij.

Forv = vle j € Uy, consider the geodesic y,(¢). In normal coordinates, this is a
radial path of the form

yo(t) = (', "), (9.22)

The local geodesic equation (9.11) thus implies that

. kL
F;k’yv(l)v/v =0,
fori =1, ..., n. This condition applies at x = 0 for all choices of v, implying that
r }k|x:0 =0.

It follows that the partial derivatives also vanish at x = 0, since
digjk = gl + gkll",-ljw

O

By the definition (9.16) of the exponential map, the geodesic radial coordinate r
of a point g corresponds to the length of the radial geodesic from p (the base point)
to g. We will show below that the radial path is in fact the shortest route from p
to g. First, we need to establish a fundamental property of radial paths. A geodesic
sphere is defined as a set of the form {r = a} within a geodesic normal patch, i.e.,
for a less than the injectivity radius.

Lemma 9.12 (Gauss). For p € M, let  : U, — M be a geodesic normal
coordinate patch centered at p. If r denotes the radial coordinate (9.19) then 0,
is the outward unit normal to the geodesic sphere {r = a} for each 0 < a < inj(p).

Proof Suppose that ¢ is a point on the sphere {r = a}. This means that ¢ =
exp,(av) for some unit vector v € R". By a change of basis, we can assume that
v corresponds to the first basis vector e; used to define the coordinate system. This
means that ¢ = (a,0,...,0) in coordinate form, and 9, = 01 at ¢. This is the
velocity vector of the coordinate curve y,, (1) = (¢,0, ..., 0), so 9, is a unit vector
because |eq]|g = 1.

The set of tangent vectors to {r = a} at g is spanned by the coordinate vectors 0,
with j = 2, ..., n. Thus, to prove that 9, is normal to {r = a}, it suffices to show
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that g1 |, = O for j > 2. From the fact that y,, (¢) satisfies the geodesic equation,
as written in the form (9.10), we can deduce that

d 1

—g1j = =0d;811.

dtglj ) 811
Since g11 = ||ye, > = 1, this shows that 0121 = 0 along y,,. By Lemma 9.11,
g1j =0atx =0for j > 2. Hence gl; = 0. O

Suppose we switch from geodesic normal to the corresponding polar coordinates,
by setting x = ro with @ € S"~!. Lemma 9.12 implies that the metric decomposes
as

g=dr’+h, (9.23)

where h = h(r) denotes a family of metrics on S"~!, depending on r. This
coordinate system is valid within the geodesic normal patch, and in particular for

r < inj(p).

Example 9.13. Let p be the north pole on the unit sphere S?. The geodesics
originating from p are the meridians, indexed by the azimuthal angle 6. In the case
the geodesic polar coordinates are given by

(r,0) — (sinr cos 8, sinr sinf, cosr),

i.e., standard spherical coordinates. (Here r denotes the distance from the north pole,
and not the distance from the origin as in the usual spherical coordinates.) The form
of the metric was worked out in Example 9.5,

ds* = dr? + sin® r d6>. (9.24)

In this case & is a family of metrics on the circle given by A(r) = sin®r d6%. By
symmetry, geodesic normal coordinates centered at any point of the sphere have the
form (9.24). O

Example 9.14. The Poincaré disk B is a manifold based on the unit disk in R?,
equipped with the hyperbolic metric. In polar coordinates (p, §) on B, this has the
form

4
ds? := ————(dp* + p* d6?). 9.25
s (1—p2)2(’0 + p* do?) (9.25)
Since the metric is invariant under rotation, we would expect geodesics starting at

the origin to be radial.
To verify this, first note that a radial curve ¢t — (o (¢), 6p) has unit speed if

2p
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The unique solution with p(0) = 0 is p(#) = tanh(¢/2). The radial coordinate r is
thus related to p by

p = tanh(r/2).
Substituting this into (9.25) gives
ds® = dr” + sinh? r d6>. (9.26)

In the (7, 0) coordinates, we have I 111 = F12] = 0. It follows that radial curves
satisfy the geodesic equation (9.11).

If B is identified with the unit disk in C, then the Mdbius transformations that
map B to itself are isometries of the hyperbolic metric. This group of symmetries
implies that the hyperbolic metric has the local form (9.26) at any point. O

We are now finally prepared for the main result of this section, which says that
sufficiently short geodesics are length-minimizing curves.

Theorem 9.15. For p € M and v € T,M such that |v|, < inj(p), the radial
geodesic from p to q := exp,(v) is length-minimizing. Conversely, the minimal
length curves originating from p are radial within the geodesic polar neighborhood.
Proof Suppose that [v|, = a, so that the radial geodesic y,(¢) connecting p to g
has length a. Let y : [0, 1] — U, be another curve connecting p to g. If the image
of y lies within the region {r < inj(p)}, then the curve can be written in polar
coordinates as y (1) = (r (), w(t)). By (9.23),

Y1z =+ hio, d)
-2

>r-.

Thus,

1
() =/ | di
0
1

Z/i’dt
0

=da.

On the other hand, if y passes into the region {r > a} (and possibly out of
the geodesic polar neighborhood), then the same argument shows that £(y) >
a. Therefore, the radial path has the shortest length among all possible curves
connecting p to ¢, and hence dist(p, g) = a. O
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9.2.2 Completeness

Theorem 9.15 shows that if r is the radial coordinate defined within a geodesic
normal patch centered at p, then dist(p, -) = r for r < inj(p). This implies in
particular that metric balls B(p, r) are open in the topology of M, and that each
open neighborhood of p contains arbitrarily small metric balls. Thus, the metric
topology on M defined by (9.7) is therefore compatible with the original manifold
topology.

We say that a Riemannian manifold M is complete if it is complete as a metric
space. Complete manifolds with boundary are defined by the same condition.

There is an alternative formulation of completeness in terms of geodesics. A
Riemannian manifold is geodesically complete if all geodesics are defined for all €
R. The link between these notions is a fundamental result in Riemannian geometry.

Theorem 9.16 (Hopf-Rinow). For a Riemannian manifold M, the following are
equivalent:

(a) M is complete.

(b) M is geodesically complete.

(c) Atsome p € M, exp,, is defined on all of T, M.

(d) Closed and bounded subsets of M are compact (the Heine—Borel property).

The proof is slightly too technical for us to include here, but is covered in all
standard differential geometry texts. See, e.g., Petersen [66, §5.7.1] for a version that
includes the Heine—Borel property, which is sometimes omitted from the statement.
The Heine—Borel criterion for completeness can be easily extended to the case of
a manifold with boundary. Properties (b) and (c) obviously do not hold unless the
boundary is empty.

Example 9.17. For the Poincaré disk B introduced in Example 9.14, we saw that
unit speed geodesics starting at p = 0 have the form p(t) = tanh(r/2), 6(¢) = 6p.
Since this solution exists for all # € [0, 0o), the exponential map at the origin
is defined for all tangent vectors. Therefore, B is complete by property (c) of
Theorem 9.16.

Using the Mobius symmetry, and the fact that

|z| = tanh(dist(0, z)/2),

we can derive an explicit formula for the distance function for the Poincaré metric,

— 2 2_2 K 1
diSt(w,z)=10g|:|w 2|+ VIwlz] w-z+ ]

VI = wh2(1 — [w]?)

From this expression, it is possible to verify directly that B is complete as a metric
space. O
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In addition to Hopf—Rinow, we need to cite one more technical result without
proof. Many of the arguments in later sections will make use of geodesic coor-
dinates, and it will be necessary to have some control over the size of normal
neighborhoods.

Lemma 9.18. For a complete Riemannian manifold M, the injectivity radius inj :
M — R, is continuous. In particular, on a compact set the injectivity is bounded
below by a positive constant.

The proof is not difficult, but it does require some additional machinery. For
details see Klingenberg [52, Prop. 2.1.10].

9.3 The Laplacian

In R” the Laplacian operator can be defined as the divergence of the gradient of
a function. To make a corresponding definition on a Riemannian manifold M, we
need to develop the notions of gradient and volume density.

For a function f € C°°(M), the differential df : M — T*M is defined by (9.2),
independently of the metric. In local coordinates,

df =98 fdx’.

The metric g provides a natural identification of 7;M with T, M, allowing us to
define a corresponding gradient map V f : M — T M, such that

gV f(p),v) =dfp(v) =v(f), 9.27)
forve TyM. .
In terms of the local coordinate frame, we can expand V f = (V f)/9;. Setting
v = 0k in (9.27) then gives
81 (V) =k f. 9.28)
By convention, the inverse matrix to g;; is written with upper indices, so that
g ey =85
Applying g% to (9.28) yields the local coordinate formula for the gradient,
Vi=ghro;.
Similarly, the inner product of the gradients of two functions is given locally by

g(Vu,Vv) = gijaiu djv.
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Example 9.19. In polar coordinates (r, ) for R2, ds? = dr? + r% d6>. The
differential of a function f(r, ) is

df = f, dr + fo do.
Since g!! =1, g!? = g% =0, and g?> = r 2, the gradient is
Vf=fo+r*fs0.

O

The second ingredient that we need to define the Laplacian is volume density
associated with a Riemannian metric. Under a change of local coordinates from

(x',...,x™to (y', ..., y"), the Jacobian formula gives
1 n ayi 1 n
dy ...dy" =|det| — || dx" ...dx". (9.29)
axJ

If g;; and gy represent the metric in the x and y coordinates, respectively, the chain
rule gives the relation

- ax! ax/
8kl = gija_yka—yl- (9.30)
We can thus define the density factor,
V8 = /detlgi],
so that (9.30) gives
-]
Then, by (9.29), the volume density defined locally by
dV = Jgdx' .. .dx" (9.31)

is invariant under changes of coordinates.
The global integral of a compactly supported function f € C(M),

f+—>/Mde,

is defined by using a partition of unity to subdivide into integrals over local
coordinate patches. By the standard measure theory construction, the integral
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defined for continuous functions with compact support can be extended to a unique
Borel measure on M, which is also denoted by dV'.

The simplest way to define the Laplacian is through an analog of Green’s identity:
the operator A on C*° (M) should satisfy

/ g(Vu,Vv)dV = —/ ulAvdV. (9.32)
M M

forall u, v € C3°(M). If u, v are supported within a local coordinate patch U, this
becomes

/ g oiu djvgd'x = —/ ulv,/gd"x.
U U

Thus, by integration by parts, the local coordinate expression for the Laplacian is
! 0
N

This generalization of the Laplacian to Riemannian manifolds was introduced by
Eugenio Beltrami and is also called the Laplace—Beltrami operator. In the geometric
context, a minus is often included on the right-hand side of (9.33) as part of the
definition.

A= (V85" d;). (9.33)

Example 9.20. Consider the unit sphere S> ¢ R3. In Example 9.5 we worked out
the metric in spherical coordinates

ds? = dg* 4 sin® ¢ d6*.

Thus /g = sin g, and (9.33) becomes

A= ! ) (sin<p8 )+L32.
sin ¢ ¢ ¢ sin? [0 0
Note that this spherical Laplacian appeared in (7.44) in the context of separation of
variables in R3. O

9.3.1 Green’s Identity

The local definition (9.33) of the Laplacian was inspired by Green’s identity in form
(9.32). Let us now adapt the identity to the case of a Riemannian manifold with
boundary.
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Theorem 9.21 (Green’s Identity). Let 2 be a compact manifold with boundary.
Foru,v € C®(£2),

/[g(Vu,Vv)+uAv]dV=/ udyvds,
2 082

where 0, is the outward unit normal tangent vector to 052.

Proof By the assumption that £ is compact, we can choose a finite atlas of
coordinate charts {U j}’;’zl. Let {x;} be a corresponding partition of unity as given
by Lemma 9.4. By linearity, the identity can then be decomposed as

> [ [6(v 0, Vo) + Guacv]av

i,j=1
m
= Z/ (xiw) 3, (x;v) dS.
ij=170%

It therefore suffices to prove the result for functions which are compactly
supported within a single coordinate neighborhood. Without loss of generality, we
can take this to be a boundary neighborhood, so we will consider a metric g defined
on an open set W C R", with A the induced metric on 8@ = {x" =0}.

Note that the determinant of 4;; is the (n, n) determinant minor of g;;. Therefore,
by the cofactor formula for the inverse matrix,

det[h;;] = g"" det[g;;].

The determinant factors appearing in the measures dV and d S are thus related by
_1
VE=(g") 2Vh (9.34)
For two functions u, v € Cgo (W), consider the integral
/ g(Vu,Vuv)dV = / g7 dudjvy/gd"x.
w w

Applying integration by parts to the derivatives of u gives

/W g diu v /gd'x =— /Wu ai[gifﬁa,u] d"x
(9.35)
—/ ug"-/ajv\/gd"_lx
{x"=0}
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We claim that the outward unit normal to {x"” = 0} is given by

8, = (") 2ga;. (9.36)

To check this, note that the tangent space to {x” = 0} is the span of 9; for i =
1,...,n — 1. Therefore, to show that 9, is normal to the boundary, it suffices to
observe that

g"gji =0.
for i # n, because g'/ is the inverse matrix to g; j- We check that 9, is a unit vector
by noting that
gnigijgnj — gnn'

Finally, since g"* > 0, the x" component of 9, is negative, as required for an
outward normal to {x" > 0}.
By (9.36) and (9.34) we have

. |
—f ug”fajvﬁd"_lx =/ uauv(g"’l)iﬁd"_lx
{x"=0}

{x"=0}

= / ud,vdSs.
{x"=0}

Applying this to (9.35), along with the local formula (9.33) for the Laplacian, gives
the desired formula,

f [g(Vu,Vv)+uAv]dV=/ udyv dS.
w {x"=0}

9.4 Spectrum of a Compact Manifold

The spectral theory of compact Riemannian manifolds, with or without boundary,
has many parallels to the theory developed for bounded open sets in R” in Chapter 6.
In this section we will show that the Dirichlet Laplacian on a compact manifold with
boundary has discrete spectrum with eigenvalues accumulating at infinity.

Example 9.22. Let I' denote a lattice in R”, i.e., a group generated by a linearly
independent set of translation vectors {vy,...,v,} C R”". The quotient Xy :=
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R"/I" is a compact manifold whose functions can be identified with functions on
R" which are periodic under I". The torus T" introduced in Example 2.32 is a special
case.

The eigenfunctions of the Laplacian on X can easily be written down in terms
of the dual lattice. Define

F*::{weR": w-veZanorallveF}.

For k € I'*, the function x > ¢/*** is then periodic with respect to I". As in the

case of T", we can use the Stone—Weierstrass theorem to argue that such functions
are dense. This yields

o(=Axp) = {Ik*: ke ™).

O

Example 9.23. For the unit sphere S> C R3 the Laplacian —Ag appeared
in Example 9.20. In spherical coordinates, the eigenfunctions are the spherical
harmonics Y;" (¢, #) that appeared in the proof of Theorem 7.17,

Y" (g, 0) = c;"eime P/" (cos @)

for/ € Ngoand m € {—I,...,[}, where le is the Legendre function. A sample
eigenfunction is shown in Figure 9.4. The spectrum is

o(—Ag) ={l(+1): I € Ny, multiplicity = 2/ + 1}.

Fig. 9.4 A contour plot of
the spherical harmonic Y1115
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9.4.1 Dirichlet Eigenvalues

Let M be a Riemannian manifold, and 2 C M a relatively compact open set. As
noted in Section 9.2, a general compact manifold with boundary can be realized in
this way (with d£2 smooth). For the construction of the Dirichlet Laplacian we do
not require any regularity of 9£2.

As a differential operator, the Laplacian on £2 is defined as in Section 9.3. We
will consider the action of —A on L?(£2), the Hilbert space defined with respect to
the volume measure dV induced by the metric. By Green’s identity (Theorem 9.21),
—A is a positive symmetric operator on C;°(£2).

To define the Dirichlet extension of —A on £2, we need to set up the H 1 Sobolev
spaces. The space H 1(£2) is defined as the set of functions f € L2(£2) such that
the restriction of f to each coordinate patch lies in H' (R%) when written in local
coordinates. Lemma 6.13 shows that this definition is independent of the choice of
coordinate patches.

For u € H'(£2), the gradient Vu is defined in the weak sense, by the local
coordinate expressions g'/ 9;u 9 ;. We can thus define the inner product

(u, vy g1 = (u, v) +[ g(Vu,Vv)dV. (9.37)
2

The argument from Theorem 2.25 shows that H'(£2) is a Hilbert space with respect
to this inner product.

As in Section 6.1.1, the subspace Hé (£2) is defined as the closure of C(‘)>O (£2) in
H'(£2). Using Green’s identity and approximation by functions in C§°(£2) asin the
derivation of (6.13), we can show that

(I’t? I//.>H1 = (M, _A1/f> + <u’ ‘(//>

foru € HOl (£2) and ¥ € C§°(£2). Repeating the steps in the proof of Theorem 6.6
yields the construction of the Dirichlet Laplacian on £2:
Theorem 9.24. Let 2 be a relatively compact, open subset of a Riemannian
manifold. The Laplacian — A is positive and self-adjoint on the domain

D(—A) = {u € H)(2) : Au e L*(22)},
where Au is defined in the weak sense. This is the unique self-adjoint extension of
—A on Ci°(R2) for which the domain is contained in H(} (£2).

In the case of a compact manifold M without boundary, Theorem 9.24 implies
that the Laplacian is essentially self-adjoint on C*°(M). The arguments for compact
resolvent when £2 is compact can also be adapted from the Euclidean case.
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Theorem 9.25. For $2 a relatively compact, open subset of a Riemannian manifold,
the Dirichlet Laplacian has compact resolvent and there exists an orthonormal
basis for L*($2) consisting of real-valued eigenfunctions Y C HO1 (£2). The
corresponding eigenvalues {A} are nonnegative and satisfy lim Ay = +o00.

Proof The argument is based on a straightforward generalization of Rellich’s
theorem (Theorem 6.9). Since £2 is compact, there exists a finite coordinate atlas
{Uj. ¥;}7_,- Let {x;} be a corresponding partition of unity. Suppose that {w;}
is a bounded sequence in HOl (£2). Then {x;wy} is bounded in HOI(U i), and by
applying Theorem 6.9 in each patch, we can pass to a subsequence such that
xXjwk = fj € LZ(UJ-) for each j. It then follows that wy — Z;ﬂ:] fjin L2(£2).
This proves that, for a compact manifold with boundary, the inclusion

L HY(R) = LA(2) (9.38)

is compact. As in the proof of Theorem 6.8, it follows that (—A+1)~! is compact as
an operator on L2, The characterization of the spectrum follows from Theorem 4.21
(Hilbert—Schmidt). O

For a compact manifold without boundary, the lowest eigenvalue is A9 = O,
corresponding to the constant eigenfunction. If 952 # ), then the Dirichlet
eigenvalues are strictly positive.

9.4.2 Regularity

For this subsection, we assume that £2 is a compact manifold with boundary, so
that 02 is smooth. The Sobolev spaces H™ (§2) are defined for m > 2 as the set
of functions in L?(£2) for which the restriction to each coordinate patch lies in
H'™(£2), just as for m = 1. It is possible to define an inner product on H™(§2) that
depends only on the metric, using covariant derivatives. However, a local-coordinate
construction is sufficient for the purpose of regularity arguments.

Let{U;j, ¢ j)}jz | be a finite coordinate atlas for 2, with {x | }lj: | acorresponding
partition of unity as provided by Lemma 9.4. For u, v € H™(§2), we define

q
(1, V) g = DXt Xj0) s (9.39)
j=1

where each U; is identified with the corresponding subset of R’} , via the coordinate
map, and H™(U;) is defined as in Section 2.5. The corresponding norms are
given by

q

2. 2
lullgm == E Il gm @
j=1
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Although the inner product and norm are dependent on the atlas and partition of
unity, it is straightforward to check, using Lemma 6.13, that the resulting topology
is independent of these choices.

We can deduce the local regularity of H" functions on a manifold using Sobolev
embedding (Theorem 2.26). Furthermore, Lemma 6.14 allows us to extend these
results across a smooth boundary, yielding the following:

Theorem 9.26 (Sobolev Embedding). Suppose 2 is a compact Riemannian man-
ifold with boundary. Form > k +n/2, H™(§2) C C*(2) form > k +n/2.

To establish the smoothness of eigenfunctions, we need a basic elliptic regularity
result. For a solution of —Au = f, this relates the Sobolev regularity of u to that of

f.

Theorem 9.27 (Elliptic Regularity). Let 2 be a compact Riemannian manifold
with boundary, with — A be the Dirichlet Laplacian defined in Section 9.3. If u €
D(A) and Au € H™(82) for some m € Ny, then u € H">(82), with

lwll sz < C (Il AU pm 4 Iluell),

where C depends only on §2 and m.

For operators on R", Theorem 9.27 is a standard fact from PDE theory. Elliptic
regularity is easily extended to manifolds, since the regularity issues are local. The
details are somewhat technical, however, so we defer the proof to the Appendix A.4.

Corollary 9.28. If ¢ is an eigenfunction of the Dirichlet Laplacian on a compact
manifold with boundary 2, then v € C°(£2).

Proof Suppose that v € D(L) with —Ay = Ay for some A > 0. This implies
that Ay € HO1 (£2), so Theorem 9.27 immediately gives ¥ € H>(£2). Then Ay €
H3(£2), which implies ¥ € H’(£2), etc. By induction, ¥ € H™(£2) for all m.
Therefore, ¥ € C*°(£2) by Theorem 9.26. O

In the case of a relatively compact subset 2 C M, with no regularity assumptions
on 052, we can apply the same arguments in the interior using cutoffs. This gives
the interior regularity ¥ € C°°(§2) for an eigenfunction ¥ in the general case.

9.5 Heat Equation

The Laplacian appears in the spatial component of the fundamental evolution
equations, such as the heat and wave equations. We can thus naturally adapt these
equations to manifolds simply by replacing the Euclidean version of the Laplacian
with its Riemannian generalization (9.33). Analyzing such equations helps us to
understand the interplay between geometry and physics. Furthermore, the physical
evolution equations provide valuable tools for establishing the link between the
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spectrum of the Laplacian and other geometric properties such as volume and
curvature.
In this section, we will focus on the heat equation,

oru — Au =0, (9.40)

on a compact Riemannian manifold M. As an application of our analysis of the heat
kernel, we will derive the Weyl asymptotic formula for the eigenvalues.
Under the initial condition u|;—9 = f, (9.40) has the formal solution

u=e?f. (9.41)
Since —A is self-adjoint and positive, by Theorem 9.24, the heat operator ' is
defined as a bounded operator on L2(M) for t > 0, by the functional calculus. The
right-hand side of (9.41) is thus well defined, and we need to only check that it
yields a solution.

Theorem 9.29. Let M be a compact Riemannian manifold. For f € L>(M), define
u(t,) = e f fort > 0. Then

(@) u e C*R, x M),
(b) u satisfies (9.40),
(¢) u(t,-) — f inthe L* sense ast — 0.

Moreover, a solution with u(t,-) € L>(M) is uniquely determined by these
conditions.

Proof The operator AXe'® is bounded on L*(M) for t > 0, by the functional

calculus, because the function x — x¥e~"* is bounded on R . Hence,

Aru(r, ) e L2 (M), (9.42)

forallk e Nand ¢ > 0.
The next step is to check that ¢’ is differentiable with respect to 7 in the operator
topology. For ¢ < 0,

) e—(l+h)x —e
Iim —— = xe s
h—0 h

tx

and the mean value theorem shows that the convergence is uniform for x € [0, c0).
Therefore, by the functional calculus,

1
}}in%ﬁ[e(“’hm _ etA] — Ae'®,
>

with convergence in operator norm. It follows that u is weakly differentiable with
respect to ¢, and that the equation
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oru = Au (9.43)

holds in the sense of weak derivatives. By (9.42), this shows that 8," u(t,-) € LE(M)
forall k € N.

Smoothness of u can now be deduced from elliptic regularity. For T > 0, let
X € Cgo (0, T). The product manifold Q=[0,T]xMisa compact manifold with
boundary. For the metric dt* + g, the Laplacian is Btz + A, and by (9.42) and (9.43)
we have

@2 4+ M) (u) € L2 (2)

for all k € N. Therefore, yu € C*° (R4 x M) by Theorems 9.26 and 9.27, which
proves (a).

The smoothness of # implies in particular that (9.43) holds in the classical sense,
proving (b). From the functional calculus, the pointwise convergence ¢ — 1 as
t — 0T implies that

lim 2 =1
t—07t

in the strong operator sense (see Example 2.12). Thus u(¢, -) — f in L2(M), which
establishes (c).

Finally, to prove uniqueness, suppose u1 and u, satisfy (a), (b), and (c), with
uj(t,-) e L*(M). Then v := u1 — uy also solves the heat equation, implying that

d
o v, IZ = (30, v) + (v, 3 v)

= (v, Av)
<0.

Since v(t, 0) — 0 in the L? sense as t — 01, this shows that v = 0. m|

Our main goal in this section will be to construct an integral kernel for the heat
operator and then use its asymptotics as t — 0 to derive the Weyl formula. The
kernel construction is based on the Euclidean heat operator, so we first review that
case.

Example 9.30. Let —A be the Laplacian on R”, with domain H 2(R™). The heat
operator e'® is defined by the functional calculus and can be written explicitly using
the Fourier transform. For f € C3°(R"),

¢ f(x) = ()2 / SXETER ey ang

Rn

= (27'[)7"/” ‘/\nei(xfy)'sfﬂf\zf(y) d"y d"€.
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By Fubini’s theorem, we can take the £ integral first,
f A EHER g _ (?)”/ze—\x—ywz/m'
Hence, with the integral kernel
Wt r) = (@A) P, (9.44)
the heat operator can be written as
1w = [ Wil =y rody, ©9.45)
for f € Cg°(R").
Using the explicit integral kernel, we can see that the convergence as t — 0 is

actually better than expected from the functional calculus. In (9.45), the change of
variables to y = x + w+/7 yields

n

f Witk — y)FO)d"y = (dr) " / P F (e w D) dw,
R/'l

For f continuous, it follows that

lim vt lx —yDfnd"y = fx), (9.46)
t—0t JRrn
uniformly on compact sets. O

9.5.1 Maximum Principle

A solution of the heat equation represents a distribution of temperatures as a function
of time. Intuitively, since heat flows from warmer regions to colder regions, it should
be impossible for a heat solution to take on a local maximum as a function of both
time and position. The mathematical formulation of this idea will prove useful later
on for error estimates in the heat kernel construction.

Theorem 9.31 (Maximum Principle for the Heat Equation). Suppose M is a
compact Riemannian manifold. If u € C*° (R4 x M) satisfies the heat equation
(9.40) and u extends continuously tot = 0, then

max u(t,x) = maxu(0, x).
t>0,xeM xeM
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Proof For ¢ > 0, consider the shifted function u®(t, x) := u(t, x) — et. Assuming
that u solves the heat equation, we have

o;u® = Auf —e. (9.47)

On the compact set [0, T] x M, u® attains a maximum at some point (ty, po).
Suppose that 79 > 0, which implies that

du (to, po) = 0
(with equality if 7y < T). Then, by (9.47),
Au®(ty, po) > € > 0. (9.48)

Let (x!, ..., x") be a set of geodesic polar coordinates centered at pg. The fact
that u° (g, -) has a local maximum at pg implies that

d3u® (10, po) <0, (9.49)

for each j. Hence Au® < 0, contradicting (9.48).
We conclude that 7o = 0, which yields

max u® = maxu®(0, x).
[0.T]1xM xeM

Hence, by the definition of u®,

max u < maxu(0,x)+eT.
[0, T]xM xeM

The claim is proven by taking first ¢ — 0, and then T — oo. O
Note that the maximum principle applies also to —u, yielding an equivalent

minimum principle,

min u(t, x) = min u(0, x).
t>0,xeM xeM

9.5.2 Heat Kernel

The relationship between heat propagation and geometry was first worked out in
1949, in the following characterization of the heat kernel of a Riemannian manifold
[62].
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Theorem 9.32 (Minakshisundaram—Pleijel). Let M be a compact Riemannian
manifold. There exists a function H € C®° (R4 x M x M) such that

1w = [ HEx v, (9.50)
for f € L>(M). If f is continuous, then

lim [ H(@ x,y)f(y)dV(y) = f(x). 9.51)

t—=>0t Jpm

For each x € M, there is a uniform asymptotic expansion ast — 07,

H(t, x,x) ~ (4rt)™"/? Zaj o, (9.52)
j=0

where ag = 1 and aj depends only on the metric and its derivatives at x.

Theorem 9.32 can be extended to complete manifolds, with or without boundary.
We restrict our attention to the compact case here to simplify the discussion. The
proof is based on the construction of a parametrix, i.e., an approximate solution
that captures the essential features of the true heat kernel. The model for the heat
parametrix is based on the Euclidean heat kernel from Example 9.30.

Given a point y € M, let g;; denote the metric in a set of geodesic normal coor-
dinates x', ..., x centered at y. In terms of the corresponding polar coordinates
(r, ®) € [0, ro) x S*~!, we will write the volume density factor as

@y (r, w) 1= /3.

By Lemma 9.11, ¢, is smooth and satisfies
¢y =1+00%

asr — 0.

According to Lemma 9.12, the metric has the form ds?> = dr? 4 h in geodesic
polar coordinates, where & denotes a family of metrics on S"~! parametrized by r.
Since the Jacobian of the change of coordinates from x/ to (r, w) equals "', the
volume density factor /7 is related to @y by

Vh = r”71<py.
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The Laplacian of a radial function ¥ () is thus given by

Ay Vo)

=L
= 0
=2y 4+ (n — Dr7'9,v + 9, (log o)) .

(9.53)

Our first goal is to derive a local coordinate version of the heat expansion in polar
coordinates. We start from the Euclidean heat kernel ¥ (¢; r) defined by (9.44). By
identifying r with the geodesic polar coordinate centered at y, we can interpret ¥
as a function on Ry x B(y; rg), where rg := inj(M). From (9.53) we compute that

0 — AW (t;7) = zitar(log o) W (15 1), (9.54)

where r := dist(x, y).

Equation (9.54) serves as the basis for the iterative construction of a parametrix.
The argument given below could be applied to the case of a complete manifold,
provided there is a lower bound on the injectivity radius. In that case, however, the
error estimate would only be uniform on compact sets.

Lemma 9.33 (Heat Parametrix). On a compact Riemannian manifold M, for
each k € N, there exists a function F, € C® Ry x M x M) with the following
properties:

(a) Fx is an approximate solution of the heat equation, in the sense that
@ — ADFi(t, x,y) = 02
ast — 0, uniformly for (x,y) € M x M.
(b) For f € C*®(M),

lim y Fi(t, x, ) f(»)dV(y) = f(x),

t—0+

uniformly for x € M.

Proof We start by using the Euclidean heat kernel ¥ to make the local ansatz,
k .
Fi(t.x.y) =Y thuj(x, ) (t:r),
j=0

for r := dist(x, y) < ro, where ry is the injectivity radius of M. The coefficients u ;
are yet to be determined. From (9.54) we compute that
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k
@ — A Y tuw(tir)

j=0

2 -1’ J_4i r j
= Z[]ujt + Zar(logwy)ujt —t/Ayuj — ;(Bruj)t ]lI/
j=0
r -1
- [Ear(log 0y )ito — ra,uo]t w
r .
+ [juj + S0-log g, )uj — Auj1 — ra,uj]zf—lw — (At

j=1

To cancel the leading t~! term, we set

ug =@y . (9.55)

=

Setting the coefficient of the term of order #/~! equal to zero then gives a recursive
relation,

o1 o1
ro, |:r~’g0y2 uj] =rloy Acuj_y.
This can be solved by an integral formula,

.
uj(rw,y) =r-"'or, a))_% /0 s/_lwy(s, w)_%Axuj,](sw, y)ds, (9.56)

for j = 1,..., k. The smooth dependence of ODE solutions on initial data from
Theorem 9.8 implies that ¢y (x) is smooth in both variables. It thus follows from
(9.56) that the coefficients u ; are smooth functions.

The local coefficient formulas (9.55) and (9.56) are only valid for dist(x, y) <
ro. To define the parametrix globally, we introduce a cutoff x € C*[0, oo), with
x(r) =1forr <rg/2and x(r) = 0 for r > 3r¢/4. For each x, y € M we define

k
Fr(t, x,y) = x(dist(x, y)) thuj(x, VIV (¢, dist(x, y)). 9.57)
j=0

By the construction of u;,

k
(0 — M Fe = —(x o d)t* (Au)¥ — [A, x 0d] Y t/u;w. (9.58)
j=0
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Since Auy is smooth and depends only on the metric and its derivatives, and 1"/?¥ is
continuous, the first term is uniformly O (tk —n/ 2). For the second term, the operator
[A, x o d] restricts the support of ¥ (¢, r) to r € [ro/2, 3rg/4]. For r in this range,
¥ and its derivatives satisfy a uniform O (t") estimate for any N > 0. This proves
(a).

To prove (b), a simple scaling argument shows that only the j = 0 term
contributes in the limit,

t—0+

lim MFk(t,x,y)f(Y)dV(y)

= 11%1 Mx(dist(x,y))uo(x,y)llf(t,dist(x,y))f(y)dV(y)-

t—0+

If we write the integral in geodesic polar coordinates centered at x, then the measure
becomes dV (y) = ¢(y, x)d"y. If f is continuous, then by (9.46) and the fact that
up(x, x) = 1, we have

lim Fr@t,x, ) f(»dV(y) = f(x).
0+ Jm

11—

The limit is uniform in x because f is uniformly continuous by the compactness of
M. O

We are now prepared to prove Theorem 9.32, using the parametrix provided by
Lemma 9.33 as a starting point.

Proof of Theorem 9.32 Let Fj; be the heat parametrix constructed as in
Lemma 9.33, for some k > n/2. Let us write the error term from (9.58) as
Rk (2, x, y), so that

(0; — A)Fy = Ry. (9.59)

Our goal is to modify Fj to remove this error term, without affecting the behavior
of Fy ast — 0. Since we have at our disposal the heat operator ¢’® provided by
the spectral theorem, the most direct approach is to solve the inhomogeneous heat
equation

(3 — A)Qk = Ry,
subject to the initial condition Qy|;=¢ = 0.

This inhomogeneous problem can be solved using Duhamel’s principle, which
gives

t
0kt %, y) = /0 DA R (s, x, y) ds. 9.60)
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Note that Ry is smooth for > 0 and Ry = O (t*~"*/?) uniformly as r — 0. Using
these facts, we can justify differentiation under the integral to obtain

t
3 Okt x,y) = Ri(t, x, y) +/ Ae""IAR (s, x, y) ds
0 9.61)
= Re(t, x,y) + AQk(#, x, ¥).
We now set H := F; — Qy, and observe that H € C®°(R; x M x M) and
0 —AH =0 (9.62)

by (9.59) and (9.61). Given f € C*®°(M), set

u(t, x) = /M Htox. y) () dV (y) 9.63)

for + > 0. Since H is smooth in the variables (¢, x) by construction, differentiation
under the integral in (9.63) is easy to justify. It follows u is smooth and satisfies
(0; — A)u = 0 by (9.62).

To study the limit + — O we need to estimate Qy in this limit. The maximum
principle (Theorem 9.31) implies that for fixed s,

max e(H)ARk(s,x,y)‘ = max |R(s, x, y)|.
t>s,x,yeM x,yeM

Since Ry(s, x, y) is uniformly O(Sk_”/z), by Lemma 9.33, we can estimate the
integral in (9.60) to obtain

0i(t, -, ) = Ok "2+, (9.64)

uniformly as ¢t — 0.
Using (9.64), along with part (b) of Lemma 9.33, we conclude that

u(t, ) — f,

uniformly as t — OF. Therefore u satisfies the conditions of Theorem 9.29. By
uniqueness, this means that

et fx) = /M H(t, x, y) f(y)dV(y), (9.65)

for f € C°°(M). Since both sides represent the action of bounded operators, the
equality extends to f € L>(M).
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The asymptotic expansion of H (¢, x, x) follows from the construction of Fj in
Lemma 9.33. By (9.57), for each k we have

k
H(t,x,x) = ()™ " t/uj(x, x) + Qx(t, x, x). (9.66)
j=0
The uniform estimate on the remainder term follows from (9.64). O

9.5.3 Spectral Applications

Let M be a compact Riemannian manifold. By Theorem 9.25, there is an orthonor-
mal basis {v;} for L*(M), consisting of eigenvalues of —A with corresponding
eigenvalues

O=Xp <A <---— 0.

The existence of the smooth heat kernel shows that the heat operator e'2 is Hilbert—
Schmidt.
By adapting the proof of Mercer’s theorem (Theorem 4.23), we can deduce that

Ht,x, ) =) e () (y),

k=0

with uniform convergence on [#p, 00) X M x M for ty > 0. It then follows from the
proof of Theorem 4.24 that e'2 is trace-class for ¢ > 0, with

tr(e'?) =/ H(t,x,x)dV (x).
M

Since the asymptotic expansion in Theorem 9.32 is uniform, it can be integrated
over M to obtain

o0
f H(t, x,x)dV(x) ~ (4rt) "2 Zajtj,
M 20

where

aj Z=/ aj dv.
M

The coefficients {a;} are called the heat invariants of M. They can be computed
explicitly, in terms of Riemannian curvature, but we will not get into that here,
except to note that since og = 1,

ap = vol(M).

Writing the trace as a sum over the eigenvalues yields the following:
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Theorem 9.34. The heat invariants of a compact Riemannian manifold are deter-
mined by the spectrum, through the asymptotic expansion

oo oo
Z e M~ (4r)? Zajtf,
k=0 =0

ast — 0t.

The leading term in the heat expansion gives the Weyl asymptotic for eigenfunc-
tions on a compact manifold. Define the counting function

Ny () (= #{ A < 1}.

Corollary 9.35 (Weyl’s Asymptotic Formula). The eigenvalues of a compact
Riemannian manifold satisfy

Ny () ~ Q) "wy, VOl(M)'L'% 9.67)

ast — 00, where w, is the volume of the unit ball in R", (6.50). Equivalently, if the
eigenvalues are arranged in increasing order,

N 5 k 2/n
b~ (270) <a),, Vol(M))

as k — oo.

Proof The heat trace can be written as a Stieljes integral

S )
Ze_)"" = / e ANy (x).
0

k=0

By Karamata’s result (Theorem 6.33), the asymptotic from Theorem 9.34 implies
that

Ny () ~ (4m)" 2 M,
C(n/2+1)

[N

O

Example 9.36. Let us consider the two explicit cases from Examples 9.22 and 9.23.
For the quotient X := R"/I", the counting function is given by

Nx,(t)=#lkeI'*: |k| < J7}.
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The number of lattice points in a ball of radius /T can be estimated as in
Lemma 6.21, to deduce that

Vol (B(0; /7))

Nxr ()~ = @)

(9.68)

If A is the linear transformation mapping the standard basis for R” to a set of
generators {vy, ..., v,} for I, then

vol(X ) =det A.

By the definition of the dual lattice, 277 (A’)~! maps the standard basis to a set of
generators for I'*. Thus we have

vol(R"/I™*) = det2r A~ ")

Q)
" ovol(Xp)'

From (9.68) we thus obtain
Nxp(z) ~ Q)" vol(X ), T2,
in agreement with (9.67).

For the unit sphere S?, the eigenvalues are given by [ (I + 1) for [ € Ny, each with
multiplicity 2/ + 1. The number of eigenvalues with 0 <[ < g is given by

q
Z(zz +1) = (g + D2
=0
Since (g + 1)? ~ g(q + 1), this gives
Ng (1) ~ 7.

Since vol(S?) = 47 and wy = 7, this matches (9.67). O

9.6 Wave Propagation on Compact Manifolds

We turn next to the analysis of the wave equation,
32u — Au =0, (9.69)

on a Riemannian manifold. In this case we will focus on compact manifolds with
boundary.
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As with the heat equation, the functional calculus can be used to construct weak
solutions of the wave equation. The functions cos(¢x) and sin(¢x)/x are smooth and
bounded for ¢, x € R. We can thus define two families of wave operators on L2(.Q),
by applying these functions to v/—A. Formally at least, the function

sin(t+/—A)
u(t, ) :=cos(tv/—ANug + ——v 9.70
(1,") 1= cos(tV/=Byuo + — =10 (9.70)
solves (9.69) for the initial conditions
u(0, -) = uo, 9u(0, -) = vo. 9.71)

We will show that u is a weak solution of (9.69), in the sense that u €
C2(R, L3(£2)), u(t,-) € D(A) for all ¢, and u satisfies afu = Au. The space
C™(R, L%(£2)) is defined as the set of continuous functions R — LZ(£2) which
admit m continuous derivatives defined as L2-limits of difference quotients. The
condition that u € C%(R, L2(£2)) implies in particular that 8,214 exists as a weak
derivative.

Theorem 9.37. Let 2 be a compact manifold with boundary, and — A the Dirichlet
Laplacian as defined in Section 9.3. Given ug € D(A), vy € HO1 (82), the function u
defined by (9.70) is the unique weak solution of the wave equation that satisfies the
initial conditions (9.71).

If ug and vy are smooth functions that vanish to all orders at 02, then u €
C®[R x 2).

Proof Let {y} C H(} (£2) be the eigenfunction basis for L2(£2) given in
Theorem 9.25, with eigenvalues {1¢}. Note that

”l»bk”2 =1+ ).
H
For f € L2(£2), this implies that

A2 = "+ a0 . 1] 9.72)

k=1

Since the basis consists of eigenfunctions, we also have
> 2
2 2
IAFIZ =23 [ 1]
k=1

In conjunction with (9.72) this shows that, for f € L2(9),

FeDd) = S | N <o (9.73)

k=1
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Given ug € D(—A) and vy € HO1 (£2), define the coefficients

ag = (uo, ¥), by := (vo, Y).

The function u defined by (9.70) is then given by

Z[cos(tf Yagi + Smf;i_) bkwk] (9.74)
k=1

By (9.72) and (9.73), the coefficients satisfy

o0 o0
> atla]* < oo, > halbi)? < oo. 9.75)

It thus follows from (9.73) that u(t, -) € D(A).
The estimates (9.75) also justify taking L? derivatives of u with respect to 7 by
differentiating (9.74) term by term. For example, the derivative of the first term is

5, ZCOS(t\/)Tk)akl/fk _ ;}i_%z[cos((t + h)«/)\_;cl) - cos(t«/k_k):|akwk.
k=1

k=1

By the mean value theorem, the expression in brackets is bounded by /A,
uniformly in ¢ and 4. Therefore, by (9.75), we can apply the dominated convergence
theorem to take the limit # — 0 inside the sum, in the L? sense. This yields

o o
0y Z cos(tv/ Ax)axyy = — Z v Ak sin(t/ Ap)ag Y.
k=1 k=1
By the same argument, we can see that 8,2u exists as a weak L2 derivative, given by

02u == [ hw costuy/Rat + v/ax siny/a0bin |

This shows that u € C2(R, L2(£2)) and u is a weak solution of (9.69).

To prove that the weak solution is uniquely determined by initial conditions, we
use an argument based on conservation of energy. The total energy of the wave
solution at time ¢ is defined as

1 2 1 2
E(@t) := 3 |3sut, ) Hmm +3 |Vu(, ')||L2(9>~ (9.76)
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If u is a weak solution of (9.69), then E is finite and satisfies

0;E = Re(ou, 8t2u) + Re(Vu, 9;Vu)
= Re(0;u, Au) — Re(u, 0; Au)
=0.

The total energy is thus independent of ¢. If u is a solution with vanishing initial
data ug and vo, then E = 0 for all # € R, implying that u is constant and therefore
identically 0. By linearity, it follows that the solution is uniquely determined by u
and vg.

For the additional regularity claim, suppose that u(, vy are smooth and vanish to
infinite order at 3§2. Then Alug and Alug are contained in D(A) for all [ € Np. It
then follows from (9.73) that

e¢]

o
D alak? <00, D A Ibkl? < oo,
k=1 k=1

for all /. This implies, again by (9.73), that Alu(t, -) € D(A) for all I. Hence
u(t,-) € H™(£2) for all m by Theorem 9.27, and therefore u(t, ) € C®(R) by
Theorem 9.26. The same argument shows that the weak derivatives 9;" u exist for all
m and are represented by smooth functions on £2. It then follows from Lemma 2.22
that u is smooth as a function of ¢ also. O

9.6.1 Propagation Speed

In the classical theory of wave propagation, Huygens’ principle says that wave fronts
travel at a fixed propagation speed, which is equal to 1 for the wave equation written
in the form (9.69). Mathematically, this property is usually formulated as a statement
about the rate at which the support of a solution will expand, which is called the
propagation speed.

Because we have only demonstrated the existence of solutions of the wave
equation on a compact manifold with boundary, we will restrict our attention to
that context for this result. Generalizing this principle to non-compact manifolds is
straightforward.

Theorem 9.38 (Finite Propagation Speed). Let 2 be a compact Riemannian
manifold with boundary, and suppose u is a smooth solution of the wave equation
as given by Theorem 9.37, with Dirichlet boundary conditions on 052 and initial
conditions ug, vo € C3°(82). If K := supp ug U supp vo, then

suppu(-, 1) C {x € 2 : dist(x, K) < |t|}. (9.77)
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Proof 1t suffices to consider the case when u is real-valued, by linearity. Also, since
u(x, —t) solves the wave equation with initial conditions u¢ and —vg, we need to
only consider ¢ > 0. As noted in the remarks following Definition 9.2, we may
assume that the manifold with boundary §2 is a closed domain within a compact
manifold M. .

Given pg € £2, let Up(ro) be a geodesic polar neighborhood in M, with radial
coordinate 7, as described in Theorem 9.15. The set U, (r9) may extend outside the
boundary of £2 into M. For 0 <t < ry we set

W, (t) :={q € 2 : dist(p,q) < ro — 1}
={r<rg—t}NSL.
We adapt the definition (9.76) of total energy, to write the energy of u contained
with W, (¢) as

() :=/ [(8,u)2+ ||Vu||§]dv.
t

Wp (1)

where ||Vu ||§, := g(Vu, Vu) and the integrand is evaluated at time 7.

Because 9, is orthogonal to spheres of constant r, by the Lemma 9.12 (Gauss),
the volume density dV decomposes as dr x d S, where d S is the measure on 0 W, (¢)
induced by the restriction of g. Separating the radial and spherical integrals allows
us to write

ro—t
n() = / h(r,t)dr,
0

where

h(r, 1) = / [(a,u)2 + ||Vu||§]ds.
IB(p;r)Ns§2

The derivative is then
ro—t
n'(t) = —h(ro—t,t) + / oth(r, t) dr. (9.78)
0
Using the fact that u satisfies the wave equation (9.69), we have
dh(r, 1) = 2/ [ @200 @) + g3, Vu, V) |ds
dB(p;r)Ns2

— 2/ [(atu)(Au) + g(3,Vu, Vu)]dS.
dB(p;r)N$2
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Thus
ro—t
f 9h(r. 1) dr = 2/ [(a,u)(Au) + ¢(3,Vu, W)]dv. (9.79)
0 Wp(t)

Green’s identity (Theorem 9.21) is easily extended to the case of piecewise smooth
boundary, yielding

/ [(B,M)Au + 2(3,Vu, W)]dv — / (Bu)dyu dS.
Wy (1) oW, (1)

The boundary of W, (¢) has two components, d B(p; ro — 1) N §2 and B(p; ro —t) N
052. However, since u|y = 0, the integrand vanishes on the latter. Therefore (9.79)
can be reduced to

ro—t
/ dh(r, 1) dr = 2/ (3u)dyu dS. (9.80)
0 dB(p;ro—t)N§2

Since 9, is a unit vector, |d,u| < ||Vullg, and so plugging (9.80) back into (9.78)
and using the definition of h(ro — ¢, 1) give

eS| (@02 ~ 20019l + 19 ] a5,
dB(p;ro—t)N§2

The integrand is nonnegative, implying that n'(¢) < 0.

Suppose now that # and d,;u vanish on W, (0) at time ¢t = 0, implying that n(0) =
0. Since 1’(t) < 0, this means that n(z) = 0 for all ¢ € [0, ry]. Therefore u vanishes
on the set {(x, 1) : x € W, (¢)}. In particular, u(p, rg) = 0.

Since £2 is compact, by Lemma 9.18 there exists ry > 0 such that each U »(r0)
is a geodesic polar neighborhood in M for each p € £2. The argument given above
then applies to all points p with dist(p, K) > rg, which proves that (9.77) holds for
0 <t < rg. The full claim then follows by iterating this argument from later starting
times. O

Note that Theorem 9.38 essentially says that the time taken for a signal from
outside of K to reach an interior point is bounded by the distance from the interior
point to 9K, i.e., the propagation speed is at most one.

9.7 Complete Manifolds and Essential Self-adjointness

In this section, we consider the problem of essential self-adjointness of the
Laplacian on C3°(M), where M is a complete, non-compact Riemannian manifold.
The one such case we have dealt with so far is Euclidean R”, for which essential
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self-adjointness was demonstrated in Example 3.26. That argument was based on
the Fourier transform and does not generalize to manifolds.

The example of a bounded open subset 2 C R”", considered in Section 9.4,
shows that essential self-adjointness may fail in the non-compact setting, in cases
where boundary conditions are needed. The crucial property which distinguishes R"
from a bounded open subset is completeness.

Theorem 9.39. For a complete Riemannian manifold M, the Laplacian is essen-
tially self-adjoint on C3°(M).

This result, proven independently by Gaffney [33] and Roelcke [75], is funda-
mental for the spectral analysis of non-compact manifolds. It implies the self-adjoint
extension of —A is uniquely defined, and therefore its spectral theory yields
geometric invariants. The existence of a self-adjoint extension also gives access to
the functional calculus for —A, an essential tool in the analysis of PDE on M.

On a more practical level, Theorem 9.39 allows us to analyze the spectrum using
smooth, compactly supported test functions. For example, it shows that the location
of the bottom of the spectrum is given by

IV £11?

info(—A) = in -
recgannor |LfI

9.81)

We will prove Theorem 9.39 using a unitary group strategy due to Chernoff [21].
A unitary group is a family of unitary operators U (), parametrized by ¢ € R, such
that

US)U)=U(s +1).

This concept was introduced in Exercise 5.5, where we saw that a self-adjoint
operator A generates a unitary group U (1) := e/'4.

In the current application, we will use the solution of the wave equation to
construct a unitary group whose generator is the Laplacian. The following result
will then allow us to prove essential self-adjointness.

Theorem 9.40. Suppose that A is a symmetric operator on a Hilbert space H, such
that A maps D(A) into itself. Let U (t) be a unitary group on H with the following
properties:

(1) U@)A =AU(@) on D(A).
@) U@)D(A) C D(A).
(iii) Forallv € D(A),

}}iﬂ)%[w +hyv— U(t)v] — iAU (D).

Then A* is essentially self-adjoint on D(A) for each k € N.
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Proof By Theorem 3.30, it suffices to establish the injectivity of (A¥)*+i. Suppose
that (A¥)*w = +iw for w € D(A*). For v € D(A), consider the function

f@) = (w, U@®)v). (9.82)

By the assumption on the derivative of U(¢),

FOw = (w, iafuaw)
- ik<(Ak)*w, U(t)>
=i f o).

The possible solutions are linear combinations of functions e®/’, where {«} are
the kth roots of Fi¥*1. Since all of the roots have nonzero real part, any nontrivial
solution will grow exponentially in at least one direction. On the other hand, f(¢) is
bounded for all # € R by the definition (9.82), because U (¢) is unitary. Therefore,
f=0.

This shows in particular that (w, v) = 0 for all v € D(A), which implies w = 0
by the density of D(A). In other words, we have proven that

ker((AM)*w £ i) = {0}.

Therefore, A* is essentially self-adjoint by Theorem 3.30. O

The wave group on a complete manifold can be constructed from wave solutions
on a compact manifold, by virtue of the finite propagation speed established in
Section 9.6.1.

Theorem 9.41. Let M be a complete Riemannian manifold. Given initial data
ug, vo € C3°(M), the wave equation,

3t2u — Au = O, M(O, ) = uo, atu(ov ) = Vo,
has a unique solution u € C*°(R x M) such that u(t, -) has compact support for
each t.

Proof Since the compact case is covered by Theorem 9.37, we will assume that M
is non-compact. Let Ky C M be a compact set containing the supports of uy and
vo. By the Heine—Borel property, the set

Kj:={peM: dist(p,K) < j}

is compact for j € N. For each j, we can define a compact manifold with boundary

£2; C M by smoothing the boundary of Kj +1s if necessary, so that K; C £2;.
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Let u(x, t) be the solution of the wave equation with Dirichlet boundary condi-
tions on 2 j» as given by Theorem 9.37, with initial data ug, vo. By Theorem 9.38,
if i < j, then the solution u (-, ¢) has support within K; for [¢| < i. Therefore, the
restriction of u; to £2; is a solution of the wave equation on £2; for || < i. By the
uniqueness property proven in Theorem 9.37, u(x,t) = u;(x,t) for x € 2; and
[t] < i. We can therefore patch together a global solution to the wave equation on
M by setting

u(t,x) == uj(t,x), |t <jandx € £2;,
0, otherwise.

Uniqueness of the global solution follows from the conservation of energy argument
used in Theorem 9.37. O

To obtain a unitary group from Theorem 9.41, we first introduce a new Hilbert
space whose norm is motivated by conservation of energy. Recall the energy
functional defined in (9.76),

E = S1oul® + Lyvup? (9.83)

Let us define W as the Hilbert space completion (as described in Section 2.4) of
Cg° (M) with respect to the norm f +— ||V f||. The square of the norm of (u, 9;u),
as an element of W @ L2(M), is then equal to 2E.

On Cy°(M) & C{°(M), we introduce the one-parameter family of maps

U(t)(uo, vo) = (u(-,1), du(-, 1)) (9.84)

for t € R, where u is the wave solution associated with (ug, vg) by Theorem 9.41.
The fact that E is constant for solutions of the wave equation implies that U (¢) is an
isometry with respect to the norm on W @ L*(M).

Clearly U (0) = I, and the uniqueness of wave solutions implies that U (t; +1,) =
U(t))U(t2). Thus U(¢) is invertible on C°(M) @ Cy° (M), with U@y~ =U(—1).
Since Cf)’o M) ® C(‘)’O(M) is dense in W @ L2(M), we obtain the following:

Theorem 9.42. The family of operators U (t) defined by (9.84) extends to a unitary
group action on W @ L*(M).

This result gives in particular the existence of weak solutions of the wave
equation on M, given initial data in W ® L*(M). It also leads to a proof of
Theorem 9.39, through the following:

Proof of Theorem 9.39 For the unitary group U(t) given by W @& L*(M), let
D(A) = C*(M) @ Ci°(M). By construction, for ug, vo € D(A), we have
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1
lim Z[U(’ + ) = U)o, vo) = 0y (u, dyu)
= (0;u, Au).

Hence, the requirements of Theorem 9.40 are satisfied with

A= O —il .
—iA 0
A2 -A 0
0 —A

is essentially self-adjoint on D(A). It follows that —A is essentially self-adjoint on
C3°(M). O

Therefore, the operator

To apply the strategy used in the proof of Theorem 9.39 to a complete manifold
with boundary £2, we need a different choice of core domain. This is because the
space C° (£2) is not necessarily preserved under the wave group, even when 92
is smooth. Since the issue here is regularity, we can resolve it by imposing weaker
regularity assumptions on the core. For example, if we take

Do := {u € L*(2) : u € D(—Ak) for some compact K C 2}, (9.85)

where —Ak denotes the Dirichlet Laplacian on K, then Theorem 9.38 shows that
Dy is preserved under the wave group. We can therefore argue as above to deduce
that — A is essentially self-adjoint on Dy.

The larger core domain (9.85) has the advantage of not requiring any regularity
of 0£2. We can use it, for example, to construct a unique self-adjoint extension of the
Laplacian on M\ K where M is a complete Riemannian manifold and K is compact.

9.8 Essential Spectrum of Complete Manifolds

For a complete Riemannian manifold, the bottom of the spectrum and bottom of
the essential spectrum are of great interest from both physical and geometric points
of view. These are both geometric invariants, by the uniqueness of the self-adjoint
extension described in Theorem 9.39. Of course, for a compact manifold the bottom
of the spectrum is zero and the essential spectrum is empty, so these quantities are
only interesting in the non-compact case.

In this section, we will prove that the bottom of the essential spectrum depends
only on the geometry “at infinity,” and then use this to establish an estimate based
on volume growth.
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9.8.1 Decomposition Principle

In Corollary 7.13, we saw that a bounded, compactly supported perturbation of a
potential does not affect the essential spectrum of a Schrodinger operator. It is thus
natural to expect that compactly supported perturbations of a complete metric would
not change the essential spectrum. In fact, we can go even farther and consider
perturbations that change the structure of the manifold within a compact set.

Let M be a complete Riemannian manifold with a compact subset K C M. Let
— Ay denote the Laplacian on M, and — A\ g the self-adjoint Laplacian on M\ K
defined by imposing Dirichlet boundary conditions on dK, as described at the end
of Section 9.7. We will prove the following result, due to Donnelly and Li [27, Prop.
2.1], which implies that a pair of manifolds which are isometric outside a compact
set have the same essential spectrum.

Theorem 9.43. Let M be a complete Riemannian manifolds. If K C M is compact,
then

Oess(—AM) = Uess(_AM\K)-

Proof Recall that for a self-adjoint operator, the essential spectrum was charac-
terized in Theorem 5.13 by the existence of a Weyl sequence. The strategy for the
proof is to start with a Weyl sequence for A € oess(—Apr), and then construct a new
Weyl sequence consisting of functions supported in M\ K.

As noted after the proof of Theorem 5.13, it suffices to consider Weyl sequences
contained in a core domain on which the operator is essentially self-adjoint. Thus,
for A € oess(—Anm) there exists a sequence {gr} C Cy°(M) such that [Jgk| = 1,
¢xr — 0 weakly, and

(A =M —> 0 (9.86)

in norm. The sequence is also bounded uniformly in the H! norm, by (9.86) and the
fact that

okl = (e, (= A + D),
from Green’s identity.

Choose a pair of cutoff functions yx, x; € C;°(M) such that x = 1 on K, and
x1 = 1 on supp x. Elliptic regularity (Theorem 9.27) gives the estimate

Ixieell gz < CUIAGaeO + Ixiell)- (9.87)
Note that

A(x1er) = X1(A + Mo — Axrek + [A, x1lok.
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The first term on the right approaches zero as k — oo by (9.86), and the second and
third terms are uniformly bounded by the H'! bounds on {¢;}. Therefore, by (9.87),
the H? norms of {1y} are uniformly bounded in k.

Let 2 C M be a compact manifold with boundary containing the support of
Xx1. By the uniform H? bound on {x¢i}, the sequences {V(x1¢x)} and {x1¢x}
are bounded in HO1 (£2). We can therefore apply Rellich (Theorem 6.9) in a finite
collection of coordinate patches. By passing to a subsequence, we can therefore
assume that { ;@i } converges in H 1(£2). Since g — 0 weakly, the H ! convergence
implies that

lim [[x1¢kll g1 — O. (9.88)
k—o00

To complete the proof, consider the normalized sequence

= 0w
V= T 0ad”

which is supported in M\ K. We claim that this is a Weyl sequence for A. The
normalization factor in the denominator satisfies

lim [|(1 = X))kl = 1,
k— 00

by (9.88) and the fact that ||¢x| = 1. It follows that ¥4 — O weakly, by the weak
convergence ¢ — 0.
To complete the proof, we check the convergence of

(—A =My = (1= (A = Dge + A, xIge)-

1
1 —X)§0k||<

The normalizing factor approaches one, as noted above. As k — oo, the first term
in parentheses on the right converges to zero by (9.86), while the second term
converges to zero by (9.88). Therefore,

(=A=MY — 0,

establishing that {1} is a Weyl sequence for A. O

9.8.2 The Bottom of the Essential Spectrum

For a complete manifold, we noted that the bottom of the spectrum can be estimated
by the Rayleigh quotient (9.81). This formulation extends to the Laplacian on M\ K,
where K C M is compact and —A)n g denotes the Dirichlet Laplacian as in
Section 9.8.1:
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IV £11?

1 5 -
fece\k) | fl

info(—Amk) = (9.89)

This follows from the fact that Cgo(M \K) is dense in the core domain (9.85) used
to define —A k.

The formula (9.89) gives an effective tool for locating the bottom of the full
spectrum. The following result will allow us to apply similar estimates to the bottom
of the essential spectrum.

Theorem 9.44. For a complete manifold M,

inf Oess (= Aa) = sup (infor (—Awi)),
KcMm

where K ranges over all compact subsets of M.

Proof Let ag := inf oegs(—Aps). From Theorem 9.43 we immediately have
sup (infa(—AM\K)> <a. (9.90)
KcM
Assume, for the sake of contradiction, the inequality is strict. Then there exists ¢ > 0
such that
info (—Apnk) < ag—2e 9.91)

for all compact K C M. By (9.89), for each K we can choose ¢ € Cg°(M\K) such
that ||¢|| = 1 and

(o, —Ap) < ap—&. (9.92)

Start by choosing such a function ¢; for K = . Then set K1 = supp¢; and
choose ¢ € C{°(M\K ). Continuing this process inductively yields an infinite
orthonormal sequence of functions ¢y € Cgo(M ), each satisfying (9.92).

Let IT denote the spectral resolution of —Ay;. Since ag is the bottom of the
essential spectrum, ITj 4 —) has finite rank. Therefore, there exists a nonzero
function

u € span{gy} Nrange IMgy—¢ 00)-
By (9.92), we have
(u, (A —ag +¢e)u) < 0.
On the other hand, the fact that u € range ITj4,—¢ o0) implies

(u, —Au) > (ag — &)llull’.
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This contradiction shows that such a function u cannot exist. Therefore the
inequality (9.91) is impossible, which proves that equality holds in (9.90). O

By combining (9.89) with Theorem 9.44, we obtain a useful variational charac-
terization of the bottom of the essential spectrum:

inf oegs(—Apr) = sup inf ||Vf|2|2 . (9.93)
kem \recgm\K) £l

9.8.3 Volume Growth Estimate

As an example of the application of Theorem 9.44, in this section we will develop
a simple bound on the essential spectrum based on volume growth. This result is
adapted from Brooks [15].

Let M be a complete manifold. Fix an arbitrary base point xo € M, and let

V(r) := vol(B(xq; r)).

The exponential rate of volume growth for M is defined as

© = limsup (9.94)

r—>0o0

log V(r)
r b

A simple argument with the triangle inequality shows that u is independent of xg.
The Euclidean plane has V (r) = w,r", so u = 0 in that case.
Our main goal is the following:

Theorem 9.45. For a complete manifold M of infinite volume,

2
inf Gess (— Apy) < %

Example 9.46. Consider the Poincaré disk B introduced in Example 9.14. In
geodesic polar coordinates (r, ), the hyperbolic metric (9.25) takes the form

ds* = dr? + sinh® r d6>.
Hence
,
V() = 27{/ sinh(t) dt
0

= 2w (coshr — 1).
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The volume growth rate is therefore @ = 1, and Theorem 9.45 gives
inf oegs (—ARB) < 4—1‘. In fact, we will see in Exercise 9.2 that o (—Ap) = [‘—1‘, 00), SO
the estimate is sharp. O

The proof of Theorem 9.45 follows immediately from Theorem 9.44 and the
following:

Theorem 9.47. If M is a complete manifold with boundary that has growth
constant [, defined as in (9.94), then

2
info(—Ay) < MT'

If M has infinite volume, then the same estimate holds for the Dirichlet Laplacian
—Am\k for K C M compact.

Proof Both sides of the inequality are zero if M is compact, soO we can assume
that M is not compact. Fix a base point xo € M, and let p(x) := dist(x, xo) and
V(r) = vol B(xop; r). For « > 0, we have a simple integral estimate

/ e P dv < [V(m +1) — V(m)]e_“m
M 0

m=!

=Y Vime (" — ).

m=1

By the definition of u, we thus have
/ e Y dV < ¢ (9.95)
M

for all @ > .

The strategy is to exploit (9.95) by constructing a family of trial functions for the
Rayleigh quotient. We first need to consider the regularity of p, since this function
is not differentiable in general. By the triangle inequality,

lo(x) — p(¥)| < dist(x, y),

so p is at least Lipschitz continuous with constant 1. We claim that this implies
that p is weakly differentiable with |[Vp|, < 1. This essentially follows from
Rademacher’s theorem, which says that a Lipschitz function on R” is differentiable
almost everywhere. For the proof see, for example, Federer [30, Thm. 3.1.6] or
Heinonen [43, Thm. 3.1]. Applying Rademacher’s theorem in local coordinate
patches shows that p is differentiable almost everywhere, with |V p|, < 1 where the
derivative exists. Since Lipschitz implies absolute continuity, we can use integration
by parts along line segments to conclude that the almost everywhere defined
classical derivatives are also weak derivatives.
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For m > 0, choose x,, € C3°(M) with 0 < x,, < 1, such that

L plx) =m,
xm(x) =
0, px)<m+1.
Since the distance between {x : p(x) = m} and {x : p(x) = m + 1} equals 1 for all
m, we can assume a uniform bound |V x,|g < ¢ for all m.

Consider now the trial function f,, := xme /2. Because the weak first
derivatives of p are bounded, as noted above, we have f,, € H 1(M ). The fact
that f;, has compact support thus implies that f,,, can be approximated by C5°(M)
functions with respect to the H' norm. Therefore, from the Rayleigh quotient (9.81)
we deduce that

ool full* < IV fnll%, (9.96)

where og := info (—A).
The right-hand side of (9.96) can be estimated by

2
o _
||me||2=/ [|me|§—axmg<v)<m,vm+inwmi} wav
M
o?
< (c* + ca) e ¥ dv + —/ Xn%e_“pdV,
supp V xm 4 M

using the gradient bounds |V x,;|; < cand [Vp|; < 1.Fora > u, e™*" is integrable
by (9.95), so the integral over supp V x,, vanishes as m — oo, yielding

2
. , _at
limsup |V fu = < T”e 1.
m—00

Since || fnll> — le=*°|| .1 as m — oo, taking the limit of (9.96) gives

a2

oo < 1
for all @ > . This proves the claim for —A ;.

For the case M\ K, we need the trial functions to vanish near K, which changes
the argument somewhat. As above, fix a base point xo € M and let p(x) :=
dist(x, xg). We also fix an inner cutoff function ¢ € Cgo (M), with ¥+ = 1 on
K. Fork > 0 set

0, p(x) <k,
ok (x) =
p(x) —k, px)>k.
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The new family of trial functions is

Tk = Xm(1 — y)e k/2,

which by (9.89) satisfies

o0\K) | fri|* < |V fons |

Assuming that « > u, we can estimate ||me,k||2 and take the limit m — o0 as
above. Assuming that £ is large enough that py = 0 on supp v, this gives

2
. 2 o —
timsup |V | = 5| 0 = wrtemen| v,
m—00 L
Thus, for « > p and k sufficiently large,

< IVy > (9.97)

2
_Y — )2 e aPk
(00(M\K) : )H(l preon| |
The fact that oy — O pointwise and the assumption that M has infinite volume
together imply that

= Q.

007
Qe

Therefore, (9.97) gives the inequality
o

o0o(M\K) = -

for all @ > u, which proves the claim. m]

9.9 Exercises

9.1. Another model for two-dimensional hyperbolic space is the upper half-plane
H := {(x,y) : y > 0}, with the metric

_ dx? +dy?
oo
(a) If H and B are viewed as subsets of C, then the Cayley transform,

ds>

z—1
z+i’

=

maps H to B. Show that this map is an isometry.
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(b) Compute the Laplacian —Apg in the H model, and show that the function y*
satisfies the eigenvalue equation —Apu = Au for s € C.
(c¢) Show that
[3.00) C o (=Am),

by creating a Weyl sequence using y* with cutoff functions.

9.2. Let — Ay denote the hyperbolic Laplacian for the upper half-space introduced
in Exercise 9.1. In this exercise we will show that

—Ag— >0,
which shows that the bound from Example 9.46 is sharp.

(a) Use integration by parts and Cauchy—Schwarz to show that

© 4 JF)
/ |¢|2—§s4f ‘—"’
—00 y —oo| 0y

with x fixed, for ¢ € Cy°(H).
(b) Deduce from (a) that

2 1 L dx dy
dxdyz 7 [ 1P =5~
H H y

for ¢ € Cy°(H). Show that this implies the claimed lower bound on —Apy.

2
dy,

Ip1> |ag
o +'—

ay

9.3. Let S” denote the unit sphere in R"*!. By writing the Euclidean metric in
geodesic polar coordinates, we can see that

1o/, o\ 1
—ARn+1:—_— ro— ——ZASYI.

r’ or r
Let ¢ (x) be a harmonic polynomial on R"*!, which means that
Agnt1g = 0.
Assume also that ¢ is homogeneous of degree [ = 0, 1, 2, ..., meaning that
qlex) = c'q(x)

for some ¢ > 0.
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(a) Show that the restriction of a homogeneous harmonic polynomial ¢ to S" is an
eigenfunction of —Ag», and compute the eigenvalue. (This construction yields
the full spectrum of —Agn.)

(b) Inthe case n = 2, show that the spherical harmonics Y,Z discussed in Section 7.4
are restrictions to the unit sphere of harmonic polynomials on R3.

9.4. In a compact Riemannian manifold M, let B(x;r) denote a metric ball
of radius r centered at x, not necessarily contained in a geodesic coordinate
neighborhood. Suppose that we have estimates for the first Dirichlet eigenvalue of a
ball, of the form

A(B(x;r)) < B(r)

forallx € M andr > 0, where B is a function on R™. (Estimates of this type can be
deduced from lower bounds on the curvature.) Use the min—max principle to prove
that

Ae(M) < B(d/2k),
where d := diam(M).

9.5. For a compact manifold M, prove that there exists a constant C > 0 such that
if ¢ is a normalized eigenfunction of —A with eigenvalue A, then

sup [¢] < CA"T .

9.6. Let M be a compact Riemannian manifold. The scalar curvature S at a point
X € M can be defined as a coefficient in the expansion for the area of a small
geodesic sphere. That is, S(x) is defined by the fact that

S(x)

area(d By (x; €)) = area(d Bgn (x; s))[l + e 0(84)]
n

as ¢ — 0, where By denotes a metric ball in M and Br» a ball in Euclidean R".
Compute the coefficient u(x, x) from heat parametrix formula (9.66) in terms of
S(x). Show that the resulting heat coefficient in Theorem 9.34 is

1
alz—/ SdVv.
6 Ju

Notes

For a thorough introduction to differentiable manifolds, see Lee [58]. The back-
ground material on differential geometry presented in Section 9.2 is covered
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much more completely in the standard texts. See, for example, do Carmo [26],
Klingenberg [52], Lee [57], or Petersen [66].

The spectrum of a compact Riemannian manifold is discussed in greater detail in
Berger [8, Ch. 9], Berger, Gauduchon, and Mazet [9], Chavel [19], and Schoen and
Yau [81, Ch. IIT]. Much of the focus in these books is on estimates of eigenvalues in
terms of Riemannian curvature, which we did not get into here.

The spectral theory of hyperbolic manifolds is covered in particular in Borthwick
[14] and Buser [17]. For applications to automorphic forms and number theory, see
Iwaniec [47] or Venkov [92].

The issue of recovering geometric data from the spectrum is reviewed in the
survey by Brooks [16]. See Lablée [55] for a recent more survey of spectral
geometry.

For more details on the behavior of heat kernels in the Riemannian setting see
Davies [23, Ch. 5] or Schoen and Yau [81, Ch. IV].



Appendix A
Background Material

A.1 Measure and Integration

As noted in the text, a measure on a set X consists of a o-algebra M of measurable
subsets of X and a countably additive function u : M — [0, oo]. To recall
the basic definitions, a o-algebra is a collection of subsets that is closed under
countable unions and complements (and hence countable intersections as well). The
countable additivity property means that for any countable disjoint sequence of sets
Al Ao, ...,

(U521 A5) =) u(Ay). (A.1)
=1

In the text we considered only o-finite measure spaces, for which X can be
decomposed into a countable union of sets of finite measure.

Two important special cases can be defined with M equal to the collection of all
subsets of X:

Example A.1. The counting measure v is defined by

#A, A is finite,

00, A is infinite.

v(A) =

Counting measure is the default choice for a discrete set, such as N or Z. (Clearly,
v is o -finite if and only if X is countable.)

© Springer Nature Switzerland AG 2020 303
D. Borthwick, Spectral Theory, Graduate Texts in Mathematics 284,
https://doi.org/10.1007/978-3-030-38002- 1


https://doi.org/10.1007/978-3-030-38002-1

304 A Background Material
Example A.2. For p € X, the point measure §), is defined by

I, peA,

8p(A) =
0, p¢A.

For a topological space X, the collection B of Borel sets is defined as the o-
algebra generated by the open subsets of X. A Borel measure is simply a measure
defined on B.

In this section we will review some of the basics of measure and integration
theory. This material is standard and covered in many texts, so we will omit most of
the proofs. For additional background, see, e.g., Folland [31], Royden [76], Rudin
[78], or Stein and Shakarchi [87].

A.1.1 Lebesgue Measure

To define Lebesgue measure on R”, we start from the standard definition of the
volume of a closed rectangle,

n
v01(11 X Iy x -+ X In) = HE(IJ-),
j=I

where {[a, b] := b — a. Let R denote the collection of closed rectangles in R". The
outer measure of aset A C R" is then defined by taking the infimum over coverings
by countable unions of rectangles,

m*(A) := inf{Zvol(Rj) cac R,»}.
j=1 j=1

In general, an outer measure is defined as a countably subadditive set function,
meaning that

m*(UAj) <Y m*(A)),
j=1

for a countable sequence of sets {A;}.

To obtain a measure, we need to restrict m* to an appropriate class of measurable
sets. Constantin Carathéodory established a criterion for this: a set E is Lebesgue
measurable if, for each A C R",

m*(A) = m*(AN E) + m*(A N E°). (A.2)
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This condition defines the collection M of measurable sets, which forms a o-
algebra. Lebesgue measure is defined as the restriction,

m = m*|pm.

The criterion (A.2) can be used to produce a measure y from any outer measure p*.

The Lebesgue class M includes all open sets. This is not immediately clear from
the condition (A.2), but in fact one can show that £ € M if and only if for each
& > 0 there exists an open set U D E such that

m*(U\E) < e. (A.3)

A similar characterization in terms of closed sets contained in E is also possible.
Since M is a o -algebra, the fact that it contains all open sets implies that B C M.

Since Lebesgue measure generalizes the classical notion of volume, it is common
to denote m(A) by vol(A), especially in geometric contexts.

A.1.2 Integration

On a measure space (X, M, u), a simple function ¢ is a finite linear combination
of characteristic functions,

m
0=D ¢ixe,
j=1

where ¢; € C, E; € M, and u(E;) < oo for each j. The integral of a simple
function is defined by the obvious sum,

m
/;(godu = ch,u(Ej).
j=1

A function f : X — R” is measurable if the preimage of each Borel set is
contained in M. The measurability of f implies that there exists a sequence of
simple functions {¢;} such that ¢; — f pointwise and |¢;| — | f| monotonically.
With such an approximation we can define

[ 1f1du= tim [ ioj1dn.
X J=7RJX

We say that f is integrable if the integral of | | is finite, in which case we can define

/fdy, = _lim/-gojd,u,.
X j—ooJx
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The integral is well defined independently of the approximating sequence, and
linear in the sense that for two integrable functions,

f(f+g)du=/ fd,u+/gdu.
X X X

It is also monotonic, meaning that

f§g=>/fdu§/gdu-
X X

In the case of Lebesgue measure on R”, this integral construction generalizes the
ordinary Riemann integral. In the main text we write the Lebesgue integral on R” in
the traditional notation, replacing dm by d" x.

The integral construction sketched here yields a trio of very useful convergence
theorems.

Theorem A.3 (Monotone Convergence Theorem). Suppose that {f;} is a
sequence of measurable functions with

O<fisfhi=s....

lim / fj dM=/<.lim fj> m

(where both sides could be infinite).

Then,

Theorem A.4 (Fatou’s Lemma). If {f;} is a sequence of measurable functions
with fj > 0, then

/ <li_minffj) dp < liminf/ fidu
x \ j—ooo J—7oo Jx

(where both sides could be infinite).

Theorem A.5 (Dominated Convergence Theorem). Suppose that {f;} is a
sequence of measurable functions such that f; — [ pointwise. If there exists
an integrable function g such that | f;| < g for all j, then

'lim/fjd,uszdu.
j—ooJx X
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A.1.3 Product Measure

Given two measure spaces (X1, M1, u1) and (Xz, My, up), we can construct
a measure on X; x Xp using a generalization of the approach outlined in
Appendix A.l1.1. We start by defining the measure of a “rectangular set” in the
obvious way. For A € M| and B € M3,

70(A X B) 1= pu1(A)p2(B). (A4)

We then use coverings by rectangles to construct an outer measure, for £ C X1 x X»,
o o
T*(E) = inf{Zno(Aj x Bj): Ac| A x B,-)}.
j=1 j=1

Carathéodory’s condition defines a class M of subsets of X| x X, measurable with
respect to 77 *. The restriction of 7* to M then defines the product measure 7, which
is commonly written as m = (1 X Wa.

In the Lebesgue case, we could apply the product construction to obtain the
measure on R” as a product of measures on R.

In principle, integrating with respect to a product measure on X; x X, could
give different results from an iterated integral defined by integrating separately
over the original X; and X,. However, we can avoid this issue under fairly general
conditions.

Theorem A.6 (Fubini). Suppose that (X, My, n1) and (X2, M3, u2) are o-
finite measure spaces, with the product space (X1 x Xo, M, w1 x w2). If f is an
integrable function on X1 x X», then the iterated integrals make sense in either
order and

/ fd(u x p2) =/ < fx,y) duz(y))dm(X)
X1 xXp X X2

:/( f(x,y)dm(X)>duz(y).
X> X1

The same conclusion holds without the integrability assumption if f > 0.

A.1.4 Differentiation

A function f : [a, b] — C is absolutely continuous if for each ¢ > 0 there exists
8 > 0 such that for every finite collection of disjoint subintervals (a;, b;) satisfying

k
> by —aj <.
j=1
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we have

k
S fby) = fap| <e.

j=1

One way to obtain an absolutely continuous function is by integration. If & €
L! [a, b], then the function

f(x) = /xh(t) dt (A.5)

is absolutely continuous. Indeed, by a general measure theory argument, if g €
LY (X, dp), then for & > 0 there exists § > 0 such that

W) <§ — / lgldu < e. (A.6)
E

Applying this in the case of Lebesgue measure on R, with E a finite union of
intervals, shows that (A.5) is absolutely continuous.

It turns that all absolutely continuous functions can be expressed as definite
integrals.

Theorem A.7 (Lebesgue Differentiation Theorem). If f is absolutely continuous
on [a, b, then f’ exists almost everywhere, ' € L'[a, b], and

X
=@+ [ s
a
Conversely, for g € L' (a, b) the function defined by

fx) :=/ gdt

is absolutely continuous, with f' = g a.e.

The property (A.6) suggests a related definition for measures. On a measure
space (X, M, ), a measure v on M is absolutely continuous with respect to p
if for & > 0 there exists § > 0 such that

u(lE)y<é — v(E)<e.
By standard measure theory arguments, absolute continuity holds if and only if

every set of measure zero with respect to p also has measure zero with respect
to v. (This latter condition is frequently taken as the definition.)
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A.1.5 Decomposition of Measures

In this section we will review the Lebesgue decomposition theorem on R, which
was applied in Section 5.4.2 to establish a classification of the spectrum.

A Borel measure on R is regular if u(K) < oo when K is compact. Let m
denote the Lebesgue measure on R. For the decomposition theorem, we distinguish
the following types of Borel measure:

(i) A pure point measure is a linear combination of point measures.
(i) A measure u is absolutely continuous if w(E) = 0 whenever m(E) = 0.
(iii)) A measure u is singular continuous if p is supported on a set of Lebesgue
measure zero, but u{x} = 0 for each x € R.

The Cantor measure (a probability measure supported on the Cantor set) is the
classic example of a singular continuous measure.

Theorem A.8 (Lebesgue Decomposition Theorem). A regular Borel measure |
on R admits a unique decomposition,

M = Wpp + Kac + Usc,
where [ipp is pure point, [Lac is absolutely continuous, and iy is singular continu-
ous.

Proof Consider the subset
Z:={xeR: u{x} >0}

Since u[—n, n] < oo for all n by the regularity assumption, Z N [—n, n] is finite.
Hence Z is at most countable. Let Z = {zy, ...}, and define

Mpp = ZM{Z]‘}5Z,-~
J

If we then define ¢ := i — pipp, then p is a continuous Borel measure, meaning
that single point has measure zero. Let o be the associated cumulative distribution
function, centered at O,

—pe(x,0], x <0,
a(x) =
nelO, x1, x > 0.

Since (¢ is a continuous measure, « is a continuous increasing function. It follows
that o’ exists almost everywhere (with respect to Lebesgue measure) and is locally
integrable. We can thus define
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Mac(E) :Z/C(/dm,
E

and then set (tsc = e — MUac- O

For additional details on this construction, we refer the reader to Folland [31,
§3.5].

A.1.6 Riesz Representation

Let X be a compact topological space. In this section, we will develop the version
of the Riesz representation theorem stated as Theorem 5.3, which relates certain
continuous linear functionals on C(X) with Borel measures on X. Here C(X)
denotes the space of continuous functions X — C.

A linear functional 8 : C(X) — C is positive if

B(f) = Ofor f = 0.

Applying the positivity condition to (sup | f| — | f|) > O shows that

BUSD = (1) sup|f].

It follows that a positive functional is bounded with respect to the sup norm, because

B = {BRe £)? + (dm f)?
< V2B(1)sup| f1.

The existence of a partition of unity will play an important role in the proof. This
is easy to establish for a compact metric space.

Lemma A.9 (Partition of Unity). Let X be a compact metric space, and {U ; }?;1
a finite open cover. There exists a set of functions ; € C(X) such that0 < ¢; < 1,
supp¥; C Uj foreach j =1,...,n, and

dovi=1
j=1

Proof For each x € X, there exists an open metric ball B, for which B, CU i
for some j. Since X is compact, a finite number of these balls, say By, for i =
1,...m, is sufficient to cover X. Set g; (x) := dist(x, B;‘i) so that g; is continuous
and g;(x) > Oif and only if x € By,.
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For each j let & be the sum of the g; for which B_X, C Uj. Since the By, form a
cover, for every x € X we have 4 (x) > O for at least one j. The desired functions
Yr; are then obtained by normalizing

oy hix)
1//](/‘) = —Zk hk(x)'

For f € C(X) and U C X an open set, we use the notation
f=<u

tomean that 0 < f < 1 and supp f C U.

Theorem A.10 (Riesz Representation Theorem). Let X be a compact metric
space. Given a positive linear functional B : C(X) — C, there exists a unique
Borel measure  on X such that

Mfﬁ{&fdu A7)

for f € C(X).

Proof For an open set U C X, let
u) = sup{B(f): feCX), f=<U}
For an arbitrary subset A C X, we then set
p*(A) := inf{(U) : U openand A C U}. (A.8)
To see that u* is an outer measure, we need to establish countable subadditivity.

Suppose that {A ;} is a countable sequence of subsets of X, and set A := UA ;. Our
goal is to prove that

WA < Y i (A, (A.9)
Given ¢ > 0, for each j we can find an open set U; O A such that
w(U;j) < p*(Aj) +277e.

Adding these together thus gives

Do uU) <Y puHA) +e (A.10)
j=1 j=1
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Now let U := U;U;. By the definition (A.8),
w*(A) < p*(U). (A1)

Consider f € C(X) with f < U. Since supp(f) is compact, we have supp(f) C

U;le U; for some finite n. If we set Uy := supp(f)°, then {Uj}‘j’.‘;o is a cover for X.

By Lemma A.9, there exists a partition of unity {l/fj}?zo C C(X),with0 <vy; <1,
supp¥; € U;j and

This construction yields f = 27:1 f¥jand ¥ f < Ujforj=1,...,n
Hence,

Bf) =D BUf¥))

j=l1
n
< uU).
j=1
By (A.10), this gives

B(F) <Y 1w (A)) +e.

j=1

Since this holds for all f < U, it implies that

oo
W) <) A+
j=1
Applying (A.11) and taking & — 0 thus prove (A.9).
With p* established as an outer measure, we can now apply the standard

Carathéodory construction to obtain a measure u on the o-algebra M defined by
the condition that £ C X is measurable if

w*(A) = u*(ANE)+ u*(A—-E) (A.12)
forall A C X.
To show that u is a Borel measure, we must check that each open set U C X

satisfies (A.12). Given A C X and ¢ > 0, choose an open set V O A such that

n (V) < u(A) +e. (A.13)
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Since V N U is open, there exists f € C(X) with f < VN U and

B(f)=u*(VNU) —e.

Similarly, there exists g € C(X) with g < V — supp(f) and

B(g) = u*(V —supp f) —&.

Then f + g < V, and so

wr (V) = B(f) + B(g)
>u*(VNU)+ u*(V —supp f) —2¢
> u (ANU)+u*(A-U) —2e.

Using (A.13) and then taking ¢ — 0 give
K (A) = n(ANU) + n*(A—U).

Since the opposite inequality is automatic by subadditivity, this proves that U is
measurable. Therefore, u is a Borel measure on X.

The final step is to prove the integral formula (A.7), which will also establish the
uniqueness of . Consider f € C(X) with f > 0. We first claim that

plf =1} = B(f) = p(supp f). (A.14)
The upper bound follows from the definition (A.8), because f < U for any U D

supp(f). For the lower bound, let U, := {f > 1 — ¢} fore > 0. For g < U, we
have f > (1 — ¢)g, which by the positivity of 8 implies that

Bg) = (L—e)"' B
Taking the supremum over all g < U, gives
w(Ue) < (1 =)' BU).
Therefore, by (A.8),
Mf =1 == BN,
Taking ¢ — 0 yields the lower bound in (A.14).

To refine the estimate (A.14), we fix some n € N and decompose f into layers
of height 1/n by setting
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0, fx) <j/n,
[i) =1 f@) —j/n, j/n<fx)=(+D/n,
1/n, f&x) >+ D/n.

Note that 0 < f; < 1/n, and
m
f=> 1 (A.15)

for m large enough that sup f < m/n.
If we set K j := supp(f;), then the fact that xx,,, < nf; < xk; implies

w(Kjr1) < n/ij dp < n(Kj),

by the monotonicity of the integral. By (A.15), we can sum over j to obtain
1« 1 —
TN WETER) TS (A.16)
. X .
j=1 j=0

(Note that K,,, = @.)
On the other hand, we can apply (A.14) to the function nf; to conclude that

w(Kjr1) < nB(fj) < u(Kj).
Summing over j gives
l = l —
=D u(K) < B(f) <~ u(K)).
j=1 j=0
In conjunction with (A.16), this shows that

M( 0)
n

Taking n — oo then completes the proof of (A.7) for f > 0. The general case
follows by linearity. O

For the application of the Riesz representation theorem to spectral measures in
Section 5.1.2, we need to know that C(X) is dense in L2(X, du). This holds for
general Borel measures under certain regularity conditions. For measures obtained
via the Riesz theorem, we can give a simple direct proof.
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Lemma A.11. Let X be a compact metric space and |t a Borel measure constructed
from a positive functional on C(X) as in Theorem A.10. Then C(X) is dense in
LP(X,dw) for1 < p < oo.

Proof By the definition of the integral on a measure space, simple functions are
dense in L”. It therefore suffices to show that the characteristic function xg for a
Borel subset E C X can be approximated in the L? sense by continuous functions.
Given ¢ > 0, the definition of u* gives an open set U D E such that u(U — E) < e.
Then, by the definition of u in terms of the functional 8, there exists f € C(X)
such that f < U and

,u(U)—/ fdu <e.
X
We can then estimate
Ixe = fllp < llxe —xvllp+lixv—flp
52871’.
O

The Riesz representation theorem can be extended to more general topological
spaces. The limiting factor is essentially the existence of the partition of unity. For a
locally compact Hausdorf space, Urysohn’s lemma implies the existence of locally
finite partitions of unity, and the Riesz theorem can be extended to this case by a very
similar argument. For further details, see, e.g., Rudin [78, Thm. 6.19] or Folland [31,
§7.1].

A.2 LP Spaces

Let (X, M, ) be a measure space. For p € [1, 00), the L? norm of a measurable
function f : X — C is defined by

£l = (/lel”dﬂ>p. (ALT)

For p = oo, the integral is replaced by the essential supremum,
[ flloo :==inf{m e R: |f] <mae.}.
The L? spaces are defined as
LP(X,du) := { f measurable X — C: || f||, < oo}, (A.18)

subject to the standard equivalence of functions that agree almost everywhere with
respect to .
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The function ||-|| , is homogeneous because of the power 1/p included in (A.17),
and positive definiteness is a consequence of the equivalence relation imposed on
LP(X,dp). The LP version of the triangle inequality is known as the Minkowski
inequality. It is obvious for p = 1 or oo, and follows from Cauchy—Schwarz for
p = 2. Its proof in the general case relies on the following:

Lemma A.12 (Holder Inequality). Let f, g be measurable functions on X. For
p.q=1lwithl/p+1/q =1

fellt = 1fllpliglly- (A.19)

Proof Assume that p, g are as in the statement. For x > 0, calculus shows that the
function

xp
hx) =x— —
p
is maximized when x = 1. Therefore,
xP 1
x——<1--
p p

for all x > 0. Setting x = ab™4 /P fora,b > 0 gives, after some simplification, the
inequality

P pa
ab<L + 2 (A.20)
P q

which clearly extends to the case where a or b = 0,

Now suppose f, g are measurable functions on X. The inequality (A.19) is trivial
if either f = 0 or g = 0, so we can assume that these functions have nonzero norms.
Settinga = [ f()I/I1fllp and b = |g(x)[/lIgll4 in (A.20) gives

|fG)g@ _ TIf™IP  1lgl?

Iflpliglly — 2 IFIL g llgld

Integration over x gives

/gl _ 1
£ ,lgly = p

yielding (A.19). O

+-=1,

1
q

Corollary A.13 (Minkowski Inequality). Let f, g be measurable functions on X.
Forp >1,

If+gllp < 1Flp+liglp-
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Proof As in the proof of Holder, we can assume f and g are not = 0, since this
case is trivial. From (A.19), we have

I fllp = Ifhlh (A.21)

under the assumption that ||k]|; = 1 where ¢ = p/(p — 1). Since equality holds in
(A21) for h = | fIP~1/l £~ |l4, we can conclude that

Ifllp = lsup Ifhll,

I2llg=1
The triangle inequality for L? now follows,

If +gllp = sup [I(f+ghlh
Illy=1

< sup ||fhlli+ sup llghlh
[[Rllg=1 [Ir]lg=1

=1fllp+1gllp-

O

On R”", a step function is defined as a linear combination of characteristic
functions of rectangles. From the construction of Lebesgue measure described
in Appendix A.1.1, we can deduce that the step functions are dense in L? (R")
for p € [1,00). (See, e.g., Royden [76, §6.4].) By smoothing the edges of the
characteristic functions, we can thus conclude that C3°(IR") is also dense as a subset
of L (R").

A.2.1 Completeness

This section is devoted to the proof of the completeness of L? spaces (Theorem 2.5).
The result is a straightforward consequence of the convergence theorems from the
Lebesgue integration theory.

Theorem A.14 (Riesz-Fischer). For p € [1,00], LP(X,duw) is complete as a
metric space.

Proof By Theorem 2.4, it suffices to show that an absolutely convergent series
is convergent. Consider first the case p = oo. For {ux}p2, C L*°(X,dp), set
my = |lurlloo. We assume that the series is absolutely convergent, which means
that

> my < . (A22)
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Since each |ug| is bounded by my almost everywhere, we can define an exceptional
set

E = [Jx a0l > my),
k=1

of measure zero, such that |ug| < my for all k on X\E. For x ¢ E, the
series > ux(x) converges absolutely by (A.22). We can thus define a function
f e L™(X,dp) by

o0

f) =) urx), forx ¢E,

k=1

with the values on E being irrelevant because the set has measure zero. The function
f liesin L*°(X, du), with

o0
1fllo <D m.
k=1

It follows from (A.22) that )_ u, converges to f in the L™ sense, because

n o
Hf—zuk < Z my.
k=1

00 k=n+1

Now let p € [1, 00) and assume that > uy is an absolutely convergent series in
L? (X, du). Define

o
g(x) = ) Jug(x)l.
k=1
The triangle inequality implies that
N N
D el =Y - (A.23)
k=1 p k=1

By the monotone convergence theorem, the left-hand side of (A.23) converges to
lgllp as N — oo, implying that

o0
lglly <D llulp-
k=1

Since Y uy converges absolutely, this shows g € LP (X, du).
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In particular, g is finite a.e., so the series Y ux(x) converges absolutely for
a.e. x € X. Hence the series Y uj converges pointwise a.e. to some function f.
Moreover, | f| < g,so f € L?(X, du) also. Since

S~ f
k=0

14
< (2¢)7,

and g7 is integrable, the dominated convergence theorem implies that

m P
lim [ (Y w— f| du=0.
k=0

m—00 X

Hence the series ) uy converges to f in L”. O

A.2.2 Convolution

The convolution of two measurable functions on R” is defined by
Freei= [ fo=nemdy. (A24)

assuming the integral is well defined. For f, g € LI(R”), we can deduce from
Fubini’s theorem that the integral (A.24) exists for almost every x, defining a
function f % g € L'(R") which satisfies

If gl <Nfllglh

This basic result can be extended to combinations of L? spaces, as follows.

Theorem A.15 (Young’s Convolution Inequality). Suppose f € LP(R") and g €
LY(R"™). Then, if r satisfies

1 1 1
LI (A.25)
P 4 r
then fxg e L"(R") and
Ifgllr < I1flpligllg-

Proof 1t suffices to consider the case f,g € CG°(R"). Applying Holder’s
inequality twice yields a triple product version,

Ifghllv < I fllsligli Al (A.26)
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where

To prove Young’s inequality, we first divide up the convolution integrand into
three terms,

Fremi= [ 17— nsmld'y

_r 4 1
< [ 1= ol p = 0| .
Applying the Holder inequality (A.26) to this expression gives
_r _4 P4
FETIEE Vi N Pl W VG by o (A27)
Assuming that (A.25) holds, we can choose s and ¢ so that
1 1 1 1
s p r t p o1
With these choices, (A.27) gives
r l—f 1_% P q gn
lfxgl" = IIfllp " lglly N lfx =" 1lgI*d"y. (A.28)

For the remaining integral over x, note that

/ / G = IP 18I dy d"x < 1 F15 gl
R JRR?
by Fubini’s theorem. Integrating (A.28) over x thus yields

LF gl < 1A gy 1A 15 gl
— r r
=117 gl

A.3 Fourier Transform

In this section we review some standard background material on the Fourier
transform, which is used extensively in the text.
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The Fourier transform of a function in f € L'(R") is defined by

7@ = @)t f e £ (x) d"x. (A29)

n

As a map the transform is denoted by
Fif f .
The properties of the Fourier transform of an integrable function are characterized

by the following:

Lemma A.16 (Riemann-Lebesgue). For f € L' (R"), the Fourier transform f is
continuous and bounded, with

lim f(&) =0.

[§]—>00

Proof From (A.29) we see immediately that

IF®1 < Q)72 £l (A.30)

for all £ € R”. This also shows that F maps L! convergent sequences to uniformly
convergence sequences.

For f € LY(R"), let {y} C Cg°(R™) be an approximating sequence such that
Yr — f in L!. Using integration by parts, we can check that &k is smooth and
approaches zero as |§| — oo. Since 1};( — f uniformly on R”, it follows that f is
continuous and decays to zero at infinity. O

The primary goal of this section is to explain how the definition of F is extended
to L? functions, for which the integral (A.29) may not exist.

Theorem A.17 (Plancherel). The Fourier transform defined by (A.29) extends to
a unitary map F : L*(R") — L2(R").

To prove Plancherel’s theorem, we first study the restriction of JF to the space of
Schwartz functions,

S@®") = {f e @)

xDPf||_ < ocoforalla, B (NO)"}. (A31)
For a Schwartz function ¢ € S(R"), integration by parts implies that

FIDSYIE) = (i&)*P (&), (A.32)

and

FIx“Y1(E) = (i De)* ¥ (§). (A.33)
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This means that, under the Fourier transform, smoothness translates to rapid decay
and vice versa.

Lemma A.18. The Fourier transform F maps S(R") — S(R").

Proof Suppose that f € S. In order to show that f is Schwartz, we need to produce
a bound on the function Eﬂ D? f for each «, B. By (A.32) and (A.33),

gﬁDgf(é)zi'“'““‘/ ¢TI x DB f(x) d"x. (A.34)

]Rn

Because (1 + |x|2)~¥ is integrable for N sufficiently large, we can estimate (A.34)
by

67 D¢ ©)] < Cwsup (1 + [PV DE £ .

The right side is finite for all N by the definition (A.31). O

The final ingredient for the proof of Theorem A.17 is the formula for the Fourier
transform of a Gaussian function. Let

g(x) = e~ (A.35)

for a > 0. By completing the square, and then using contour integration to make a
complex change of variables, we can compute

2(8) = (a) 361 /4, (A.36)

Theorem A.19. The Fourier transform on S(R™) defined by (A.29) has an inverse
F~! given by

f&x) = (277)_"/ FETfE) dUE. (A.37)

Rn

Proof For f, g € S(R"), consider the integral

f L S0 g d'xd'y. (A38)

The integrals over x and y can be taken in either order, by Fubini, yielding the
identity

féd'x = f fgdy. (A.39)
R~ R~
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Now let g be the Gaussian function (A.35). By (A.36),

(2a)—%/ f(x)e ¥ /4a d"x:/ Fe=ab? gny. (A.40)
Rll Rll

Rescaling the variable on the left-hand side of (A.40) yields

2 [ pane i = [ fore et any.
R® R~

By the dominated convergence theorem, taking a — 0 then gives

eniro= [ foray. (A41)
This verifies (A.37) for x = 0.
The general inverse formula can be deduced from (A.41) by a simple translation

argument. For w € R”, define the translation operator 7, on S(R") by

Twf(x) == f(x +w).

A change of variables shows that
L0 = [ e e d's
]Rn

:/ e_i(x_w)‘)’f(x) d"x
— ).

Plugging Ty, f into (A.41) yields

Q)" f (w) = /R Iy,

O
From the pairing formula (A.39) and the invertibility of F, we can immediately
deduce that

(f.8)=1(fg (A.42)

for f,g € SMR"). It is straightforward to extend a unitary map from a dense
subspace to the full Hilbert space, so Theorem A.17 follows from (A.42), Theo-
rem A.19, and the fact that S(R") is dense as a subspace of L*(R").
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A.4 Elliptic Regularity

In Section 6.3 we gave a simple argument for the interior regularity of eigenfunc-
tions. This approach, based on the Fourier characterization of Sobolev spaces, is
easily generalized to elliptic PDE with constant coefficients. To handle elliptic
operators with variable coefficients, or to include regularity up to the boundary, a
different strategy is required.

In this section we will prove the more general elliptic regularity result stated in
the text as Theorem 9.27. For more general versions of this result, see, e.g., Evans
[29, §6.3.2], Gilbarg and Trudinger [36, §8.4], or Taylor [89, §5.1]

Theorem A.20 (Elliptic Regularity). Let 2 be a compact Riemannian manifold
with boundary, with —A be the Dirichlet Laplacian defined in Section 9.3. If u €
D(A) and Au € H™(82) for some m € Ny, then u € H"1>(82), with

lwll sz < C (Il AU pm 4 Iluell),

where C depends only on §2 and m.

The strategy for the proof of Theorem A.20 is to use difference quotients to
estimate weak derivatives. For 4 € R and f a function on R”, define

ooy = LU EheD =T

for j = 1,...n, where {e;} denotes the standard basis for R". We first need to prove
a basic estimate for difference quotients in terms of derivatives.

Lemma A.21. Suppose u € H(; (U) where U C R" is a bounded open set. For
e>0letU, :==1{x e U : d(x,0U) > ¢}. If supp(u) C U; for ¢ > O, then for
lh| <&,

h
I8k ull 2 < okl 2.

Proof For Y € C;°(£2), the difference quotient can be expressed as an integral,

1 h
My (x) = ﬁ/o Y (x +te)) dt,
for h sufficiently small. Applying Cauchy—Schwarz then gives the estimate,
h 2 _ 1 " 24
97 I = A |0j v (x +tej)|” du.

Integrating over x then gives
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19} wrll* < // 0,9 (x + te))| dt dx

1
=—/ /]ajw(xﬂe,-)\zdxdt
hJo Ju

=19, v%

The estimate can now be extended to a function u € Hé (U) with support in U,
by choosing an approximating sequence {¢y} C C;°(£2) such that ¢y — u in H L
O

Proof of Theorem A.20 The first observation is that the proof can be localized
to coordinate neighborhoods. Let {U j}jzl and {x;} be the coordinate atlas and
corresponding partition of unity used to define the Sobolev norms as in (9.39). A
simple concavity argument shows that

q
luell gm =<l juell

j=1
for each m, with constants that depend only on g. Furthermore,
IAGGW N Em < ) Aullam + LA, xjlull g
< lixjAullagm + Cllull g1
We will first show that
Ixjullgz < CUIAGGWN 2 + lxjull2), (A.43)
for each j. We only need to consider the case of a boundary neighborhood U, as

the interior estimate can be considered as a special case where the cutoff vanishes
near the boundary.

To prove (A.43), we can specialize to the case of a bounded domain U := {|x| <
R, x"™ > 0} in R", with the metric g represented in coordinates as matrix g;;. On
HO1 (U) we define the sesquilinear form

Olu, v] :/ g(Vu,Vv)dV
U

= /U g (3;11)(3;v)/g d"x.

For simplicity, we will write this as
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Qlu, v] =/ a (3;0)(9;v) d"x,
U
where @'/ := g/ V&
Recall the local formula (9.33) for the Laplacian,
! a
N

By the definition of D(—A) from Section 9.4.1, we have

A= —o(Jag0)). (A44)

Q[M, U] = <_AM, v)v (A45)
foru € D(—A) and v € H} (U).

For the application to (A.43), we may assume that u is supported away from the
boundary of U, except possibly at x” = 0. Assuming the v € H& (U) shares this
property, we can apply 8,? tovfork =1,...,n — 1 and & sufficiently small. We
then deduce from (A.45) that

Olu, 3'v] = (—Au, d'v). (A.46)

Writing out the left-hand side gives
Q[u,a,ﬁ’v]zf a'l ;) (3;9f'v) d"x.
U

By a linear change of variables, the difference quotient can be transferred from one
term to the other (as if integrating by parts) to obtain

Ofu, 3'v] = —/ 3" (a" ;) djv dx.
U
A simple product-rule computation shows that
0@ ;1) = al (x — her)d; (3" &) + (9, "a')3; .

(As above, {e;} denotes the standard basis for R".) Applying these computations to
(A.46) gives

/ a3 (5 — hewh O v dx = / (oo — @ "ayai 0,0] dx.
U U

By Lemma A.21, the L? norm of Bli’v can be estimated by that of dyv, for h
sufficiently small. Thus Cauchy—Schwarz gives the estimate
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f a'l (x — hep)d; (3 ") ;v dx < C(IAull + | Vul)) IV
U (A.47)

< c(laull + llull g)IVwll.

Here C is independent of &, because the coefficients (9, haii ) are bounded
uniformly for small %, by the mean value theorem.

Now let us set v = 9 "y The fact that g/ is smooth and positive definite on U
implies

ij o—h o a—h —he ||?
a'’(x — he)d;(9, "u) 9;(9, "u) dx > |3, "Vu
U
Applying this in (A.47) gives
a—hv 2 < C —h
V| < C(I1Aull + lull ) |07 " V|
which yields
Ha,;th < C(lAul + llull ). (A.48)
By Cauchy—Schwarz, we can estimate
lull?,) = (—Au, u)
< [[Auf{lull
1 2
< E(IIAMII + llulD”.
Therefore, (A.48) can be reduced to
o7 vu| = claull + ), (A.49)

with C independent of /.
By Alaoglu’s theorem (Theorem 2.37), the uniform estimate (A.49) implies that
there exists functions f; € L*(U) satisfying

Il < C (I Aull + llull),

and a sequence #; — 0 such that 8k_h’ dju — f; weaklyas! — 0.For ¢ € Cgo(U)
we have
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/ fivd'x :nmf(a,jh/aju)w d"x
U l—>0 U

. h
=—1 jud, v d"
11—13(1) U i kw .

= —/ dju dyr d'x.
v
This shows that f; = d;d;u as a weak derivative, and (A.49) gives the estimate
13Vl < C(IlAu] A+ lull)- (A.50)
This argument required k < n — 1, so the estimate (A.50) covers all of the second

partial derivatives of u except for Br%u. To handle this case, note that (A.44) implies
that

Auz_[ 3 ai[a"fa;u]+a""a,%u+<ana"”)anu}-
VeLg iz

All of the terms here except ™" Bfu are in L>(U), either by assumption or by (A.50).
Since a"" is bounded below by a positive constant, by the positive definiteness of
the metric on U, it follows that Blfu € L2(U ), with

Jogul < ClAul + llul).
Together with (A.50), this shows that u € H 2(U), with
lull g2 < C(IlAull + llull). (A.51)
This completes the proof of (A.43), which settles the case m = 0.
To prove the estimate for higher m we proceed by induction. Assume that u €
H™t1(U) (with support as described above) and satisfies
lull s < C (1A -t + Nl ).
For the inductive step we assume that Au € H™(U), and need to show that this
implies u € H"+2(U), with the corresponding estimate.
Since u € H™*!, the weak derivative D%u exists for || = m and lies in HO1 (£2).

It satisfies the equation

A(D%) = D*(Au) — [A, D*]u. (A.52)
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By the assumptions on u and Au, and the fact that [A, D%] is a differential operator
of order m + 1, the right-hand side of (A.52) lies in L2(£2). We can therefore apply
the bound (A.51) to D%u to conclude that D%y € H?*(£2) with
ID%ull g2 < C(IAMD W)l + | D ul| 1)
Furthermore, by (A.52) we can estimate
IAMDY O < llAullgm + Cllull gme1.

It thus follows that

el sz < C(N Aullgm + lluell gms1 ).
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