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Abstract

This thesis concerns the minimization of the lowest eigenvalue of cer-
tain perturbations of the Dirichlet Laplacian on a bounded domain with
potential supported on a discrete set of points. Recent results include
a Faber-Krahn-type inequality, valid when the support is a single point.
We show that some of the methods used to prove this inequality can be
generalized to an abstract operator-theoretic setting, and we use this to
obtain a new Faber-Krahn-type inequality for when the support consists
of more than one point. Our approach also yields some additional results
on the lowest eigenvalue, such as it being simple.
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1 Introduction

1.1 Background

Let © be a bounded open subset of R%, d > 1. The negative Laplacian (hence-
forth just “Laplacian”) is the linear partial differential expression

d
62
—A = — R
pt Oz?

and appears in many different mathematical and physical contexts, not least
due to the ubiquity of Laplace’s equation

“Af=0 on Q

which describes a wide array of natural phenomena. For example, Fick’s law of
diffusion, Fourier’s law of heat conduction, and Ohm’s law of electrical conduc-
tion are all special cases of Laplace’s equation [10]. On the other hand, a math
major’s first encounter with the Laplacian might typically be an undergraduate
course on complex analysis, in which the real and imaginary parts of functions
holomorphic on €2 are seen to solve Laplace’s equation, and the second encounter
might follow in a course on partial differential equations, where the Laplacian in
addition to being studied in and of itself also proves useful in understanding the
wave and heat equations [10]. For more discussion of the ubiquity of Laplace’s
equation in mathematical physics, see [13, Chapter 12].

Especially important is the Dirichlet eigenvalue problem on €2, which is to
find those real numbers A (“eigenvalues”) for which there exists a nonzero func-
tion f (an “eigenfunction” corresponding to A) such that

—Af=Xf onQ, 1
f=0 on 0N). S

Whereas the classical formulation of (1) requires f € C?(2)NC(Q), the modern
approach is instead to encode the boundary condition by letting —A act on a
carefully chosen subspace of the Hilbert space L?(2) of square-integrable func-
tions on 2, which allows for much “rougher” eigenfunctions that may not even
be pointwise defined on 0f). This gives rise to a realization of the Laplacian as
an unbounded self-adjoint operator —A$ in L?(€2) [28, Section 10.6]. From this
point of view, solving (1) becomes equivalent to finding those A such that the
operator —A% — ) has nontrivial kernel. The set of all such \ is then called the
spectrum of the operator —A%.

One can show that the spectrum of —A% is countably infinite and that its
points can be arranged in an increasing sequence 0 < A1(2) < A2(Q) < ...
such that A\, () — oo as n — oo [18, Theorem 1.2.2]. The lowest eigenvalue
A1(Q2) is called the principal (Dirichlet) eigenvalue. In the context of the wave
equation on {2, finding the standing waves reduces to solving (1), and this leads



in the one- or two-dimensional case to a physical interpretation of A;(f2) as
the fundamental frequency of either a vibrating string with fixed endpoints (in
dimension one) or a vibrating drum with fixed edge (in dimension two), while
the other eigenvalues correspond to the overtones [6].

As every musician knows—though some perhaps only subconsciously—the
distribution of the overtones is an important factor in the timbre of a tone, and
is to some extent what allows a listener to distinguish between notes of the same
pitch when performed by different musical instruments [29]. The possibility of
inferring the shape of an instrument from its overtones was pondered by M. Kac
in a 1966 lecture titled Can one hear the shape of a drum? [21] where he asked:
If 1 and Q5 are two bounded domains in the plane such that A, (1) = A\, (22)
for all n > 1, is it necessarily the case that €y and 9 are congruent? His
question was later answered in the negative by C. Gordon, D. Webb, and S.
Wolpert in an article succinctly titled One cannot hear the shape of a drum
[16], in which they constructed a counterexample.

Arguably the first problem in this direction was posed already in 1877, when
Lord Rayleigh published his book ” The theory of sound” [25] in which he conjec-
tured, based on computations and physical evidence, that “...among all drums
of the same area and the same tension the circular drum produces the lowest
fundamental frequency” [6]. He was proven right nearly six decades later when
G. Faber [12] and E. Krahn [23] simultaneously and independently proved what
is now known as the Faber-Krahn inequality, which in its modern formulation
asserts that

AM(B) < A (©) (2)

for any open ball B C R? with the same volume (Lebesgue measure) as 2 [18,
Theorem 3.2.1]. Under some additional regularity assumptions on the allowable
domains €2, one can also show that the ball is also the unique minimizer.

The study of the interplay between geometry and spectrum grew over the
next century into a field aptly named spectral geometry. In fact, for some natural
classes of €2, even the original problem of minimizing A;(€2) is far from settled:
we refer to [18, Chapter 3] for a few easy-to-formulate yet open problems, one of
which is to prove that “...the regular N-gone has the least first eigenvalue among
all the N-gones of given area for N > 5.” The setting has also been successfully
generalized from Euclidean domains to domains in Riemannian manifolds; see,
e.g., [9, Chapter IV].

After its debut in the 1920s, the Faber-Krahn inequality has since been
extended to many other settings; see [6, Chapter 4] for a survey. The extension
most relevant for this thesis is to Schrédinger operators, i.e., perturbations of
the Laplacian of the form

Hy :=—-A+V (3)

where V € LY(Q) is a potential. More precisely, assuming V' is nonnegative
and letting A\1(92,V) denote the principal eigenvalue of Hy, one can use the
symmetric decreasing rearrangement (see the appendix) to prove the Faber-
Krahn-type inequality

M Q5 V) < A (Q,V) (4)



where Q* (resp. V*) denotes the symmetric decreasing rearrangement of
(resp. V) [6, Theorem 4.2]. Taking V' = 0 in (4) yields the original Faber-Krahn
inequality, which is typical of such generalizations. Schrodinger operators are
also highly relevant for our next topic: point-interaction Hamiltonians.

In nonrelativistic quantum mechanics, each physical system has an associ-
ated complex Hilbert space, its state space H, such that at any instance of time
the state of the system is described by a unit vector in H. Until a measurement
is performed on the system, its time evolution ¢ (t) € H is deterministic and
obeys the Schrodinger equation

. d
i () = Hy (),

where 7 is the imaginary unit, & is the reduced Planck’s constant, and H is a
self-adjoint operator in H called the Hamiltonian [30, Section 5.1].

As for —AS} we define the eigenvalues of H as those A such that H — X has
nontrivial kernel, but a new addition is that the spectrum of H already comes
equipped with a physical interpretation, namely as the set of possible energy
levels of the system. Upon measuring the energy we will observe one of these
energy levels A\, and, according to the postulates of quantum mechanics, the sys-
tem will then immediately enter a state described by a normalized eigenfunction
of H corresponding to A [30, Section 5.4].

Each physical system has its own Hamiltonian. For example, to model a
free particle with mass m in R%, d < 3 we use the state space H = L?(R?) and
Hamiltonian

h2
Hy= QmA’ (5)
where again —A acts on some carefully chosen subspace of L?(R) so as to make
H self-adjoint [30, Section 6.1]. With the same state space, an electron with
mass i and negative charge —e orbiting a proton can instead be modeled using
the Hamiltonian
h2
He =——A + ‘/e
2p

where V. (z) = —e?/|z| is the Coulomb potential [30, Chapter 9]. This Hamil-
tonian is of the form (3) and therefore an example of a Schrédinger operator.

If instead we desire to model a particle with mass m “subject to a very
intense force with a range much shorter than the wavelength associated to the
particle,” then a point-interaction Hamiltonian is appropriate [30, Section 8.1].
Formally and in one dimension, such Hamiltonians have the form

h2
HV = —%A + V6y7

where y € R is the interaction center, J, is a delta distribution, and » € R
is “a coupling constant which represents the strength of the interaction.” The
intuition of an intense but short-ranged force is supported by the fact that
H, may be constructed as a suitable limit of Schrodinger operators Hy where



the potential V' shrinks and spikes up to a delta-like profile [2]. In practice,
however, H, is constructed by restricting (5) to a set of functions vanishing
at y and then carefully extending this restriction so as to obtain a self-adjoint
operator different from (5).

Point-interaction Hamiltonians with multiple interaction centers in R%, d < 3
have been extensively studied (see, e.g., [1, 3]), to the extent that the correspond-
ing quantum-mechanical models are considered solvable “...in the sense that
their resolvents and associated mathematical and physical quantities like the
spectrum, the corresponding eigenfunctions, resonances, and scattering quanti-
ties can be determined explicitly” [1]. Such Hamiltonians can then for example
be used to describe “...the motion of a quantum mechanical particle moving
under the action of a potential supported, e.g., by the points of a crystal lattice
or a random solid” [3].

More recently, in 2007, Blanchard et al. [8] used the self-adjoint extension
theory of boundary triplets to construct point-interaction Hamiltonians with
multiple interaction centers confined in bounded domains. Particular attention
was paid to the case of a single interaction center, and later investigations such
as [11] kept this line of inquiry by investigating the optimization of the principal
eigenvalue of such Hamiltonians with respect to the domain and placement of
center. It was in this context that Lotoreichik and Michelangeli [24] in 2020
derived an analogue of the Faber-Krahn-type inequality (4) for potentials sup-
ported at a single point. More specifically, they proved that for any two- or
three-dimensional smooth bounded domain 2 and any y € 2,

A(B,0) < A¥(QQ,y) forall aeR, (6)

where \§(£2,y) is the principal eigenvalue of the point-interaction Hamiltonian
in € with interaction center at y and extension parameter «, and B is the open
ball centered at the origin with the same volume as Q [24, Theorem 5.1]. (The
parameter « has a physical interpretation as the “inverse scattering length”.)

It was with this background that the author set out to attempt to generalize
(6) to the multi-point case.

1.2 Outline and summary of results

In Section 2, we present the reader with most of the mathematical tools needed
to understand this thesis. Propositions are either proved or cited as necessary,
and we provide additional references for further reading.

In Section 3, after introducing some additional tools we present our first
results. These are abstract and operator-theoretic in nature: We define and
study triplets (T,E, W) consisting of

1. a densely defined lower semibounded symmetric operator T in a Hilbert
space with finite defect indices (m,m),

2. afamily E={E, : A < m(T)} of bases of defect spaces of T that are in a
certain sense compatible with each other, and



3. a family W = {W(\) : A < m(T)} of Hermitian m X m matrices that is
in a certain sense compatible with E.

We prove an extension theorem (Theorem 3.43) that uses the data in (T, E, W)
to parametrize some of the self-adjoint extensions of 7" by Hermitian matrices.
The theorem furnishes explicit formulas for the domain, action, and quadratic
form of the extension, and these formulas include an additional real parameter
that can be varied to obtain different representations. We then prove a key result
(Theorem 3.44) asserting that for any parameter B, the principal eigenvalue of
the corresponding extension Ty is controlled by W in the sense that

m(Tg) =X ifand only if Apax(W(A) —B) =0.

We also study the case m = 1 in more detail (Section 3.7).

Next we require some notation. Let Q C RY, d € {2,3} be a bounded domain
with C*°-boundary, let X = {z1,..., 2} C Q, and let a = (g, ..., @) € R™.
Let A1(©2, X, &) be the principal eigenvalue of the point-interaction Hamiltonian
in 2 with interaction centers X such that x; has interaction parameter «; for
each i =1,...,m (as defined in [8, Section III]).

In Section 4, we apply the theory of Section 3 to construct the aforemen-
tioned Hamiltonians in a novel way (Section 4.4). In addition, we prove a few re-
sults for which it is difficult to find explicit references in the literature: We show
that A1 (2, X, ) is a simple eigenvalue (Theorem 4.39), that a; — A1 (2, X, )
is analytic and strictly increasing for each ¢ = 1,...,m (also Theorem 4.39),
and that if a new interaction center z,,41 with new parameter a,,+; is added
to X while the old parameters ayq, ..., a, are kept the same, then A\;(Q, X, «)
decreases (Theorem 4.41).

In Section 5, we turn to the subject of Faber-Krahn-type inequalities. We
first prove a general operator-theoretic result (Theorem 5.3) that allows us to
efficiently recover (6) and which we believe could potentially be used to derive
inequalities similar to (6) in other settings. Our main result (Theorem 5.8) is a
novel Faber-Krahn-type inequality in the likeness of (6) and states: If m > 2,
then there exist positive constants Gy, ..., G, only dependent on €2 and X such
that

/\1(B, {0}7 IIllIl {Oli - Gz}) < Al(Q,X, Oé)
1<i<m

for all @ € R™ such that A\ (Q, X, @) < 0. Finally, we argue that one of the
proof strategies employed by [24] fails in the multi-point case (Section 5.4).

2 Preliminaries

In this section we recall some basic definitions and results from the spectral
theory of (unbounded) linear operators in Hilbert space with the purpose of
making this thesis as self-contained as possible. We will restrict our attention
to spaces defined over the complex numbers, but the reader should note that
much of the theory holds also when the scalars are the real numbers.



As additional references we suggest the following books: [14] provides a good
introduction to measure and Lebesgue integration theory, functional analysis,
L?-spaces, and some elementary Banach and Hilbert space theory. Two com-
prehensive references for the theory of linear operators in Hilbert space and
their spectral theory are [31] and [28], where the former includes a more de-
tailed treatment of Hilbert spaces, whilst the latter is newer and contains some
material on sesquilinear forms and self-adjoint extension theory that the former
does not.

2.1 Normed spaces and Banach spaces

Let V' be a vector space over C. A norm on V is a map ||-|| : V' — C such that
(i) |lull =0 for all u € V, with equality if and only if u = 0;
(i) |lau|| = |a| ||u|| for all a € C, u € V;
(iii) the triangle inequality holds: ||u + v|| < ||ul| + |jv|| for all u,v € V.

A normed space is a pair (V, ||-||) as above, but by a slight abuse of notation we
usually refer to V itself as the normed space.

Any norm on V induces a metric on V' by d(u,v) := |ju — v||, which in turn
induces a topology on V. When we hereafter speak of topological properties
such as closedness or compactness of subsets of V' we always mean with respect
to this induced topology. We say that the normed space V' is a Banach space if
V' is complete as a metric space with respect to the induced metric.

2.2 Bounded operators and compact operators

Let V, W be normed spaces and let T : V' — W be a linear operator (i.e., a
linear map). We say that 7" is bounded if there exists a nonnegative constant C
such that

|Tul] < Clu| forall uwelV.

The least upper bound of all such C' is denoted ||T||, and it too has the property
that
ITu|l < ||IT||u|| for all we V.

The set of all bounded linear operators V. — W is denoted B(V, W), and is a
normed space with norm 7' — ||T'||. This norm is called the operator norm,
or sometimes the uniform norm. If W is a Banach space, then B(V,W) is a
Banach space with respect to the operator norm [31, Theorem 4.6]. If W =V,
then we just write B(V) := B(V, V).

We say that the linear operator T : V' — W is compact if T maps bounded
subsets of V' onto relatively compact subsets of W. One can show that every
compact operator is bounded [31, Theorem 6.2].



2.3 Inner product spaces and Hilbert spaces

Let V be a vector space over C. An inner product on Visamap (-,-) : VXV — C
such that

(i) u+> (u,v) is linear for each fixed v € V;

(ii) (u,v) = (v,u) for all u,v € V;
(iii) {(w,u) >0 for all u € V, with equality if and only if u = 0.

(i) and (ii) together imply that v — (u,v) is antilinear for each fixed u € V. An
inner product space is a pair (V, (-,-)) as above, but by a slight abuse of notation
we usually refer to V' itself as the inner product space.

Any inner product on V induces a norm on V by ||u|| := v/(u, ), which in
turn induces a topology. The Cauchy-Schwarz inequality [31, Theorem 1.4] says
that

[{(u,v)] < |lull|lv]] forall u,veV.

As a consequence of the Cauchy-Schwarz inequality, we find [31, Section 2.1]
that the maps u — (u,v) and v — (u,v) (resp. (u,v) — (u,v)) are continuous
with respect to the induced topology of V' (resp. V' x V). We say that the inner
product space V is a Hilbert space if it is a Banach space with respect to the
induced norm.

Let V be an inner product space. The orthogonal complement of a subset
A C V is the set

At ={ueV:(uv)=0forallve A}

One can show the following [31, Section 3.1]: A* is a closed subspace of V', and
if V is a Hilbert space, then A+1 = span A. In addition, if V is a Hilbert space
and A is a subspace, then A is dense in V if and only if A+ = {0}

Let (Vi, {,)i), ¢ = 1,2 be two inner product spaces. The Cartesian product
V1 x V of the underlying vector spaces is itself a vector space under componen-
twise vector addition and scalar multiplication. Moreover,

((u1,u2), (v1,v2)) := (u1,v1)1 + (uz,v2)2  for (ur,usg),(vi,v2) € Vi x V3

defines an inner product on V; x V,. The resulting inner product space is called
the direct sum of Vi and V5 and is usually denoted Vi @ V5. If in addition both
V1 and V5 are Hilbert spaces, then V; @ V5 is also a Hilbert space.

2.4 Linear operators on Hilbert spaces

Let H be a Hilbert space. A linear operator (or just “operator”) in H is a linear
operator T : D(T) — H, where D(T) is a linear subspace of H. D(T) is called
the domain of T, and we say that the operator T is everywhere defined (resp.
densely defined) if D(T) = H (resp. D(T) is dense in H). The kernel/nullspace
of T is the subspace N(T) = {f € D(T) : Tf = 0}, and the range/image of



T is the subspace R(T) = {Tf : f € D(T)}. We say that T is injective if
N(T) = {0}, and in this case we define its inverse T~! as the operator in H
having domain D(T~!) = R(T) and action T~'f := g, where g is the unique
g € D(T) such that f =Tg.

We say that a linear operator T'in H is bounded (resp. compact) if the linear
operator T : D(T) — H is bounded (resp. compact) with respect to the norm
induced by the inner product of H.

The everywhere defined identity map on H will be denoted by I, and, for
any z € C, the everywhere defined scalar multiplication map f + zf on H will
by a slight abuse of notation be denoted by z.

Let T be a linear operator in H. Its domain D(T') is an inner product space
with inner product

(frg)r = (f,9) +(Tf,Tg) for f,geD(T),

and the corresponding induced norm || || := +/{f, f)r is called the graph norm
of T. We say that T is closed if (D(T), {-,-)r) is a Hilbert space. One can show
that if T is closed, then A/ (T) is a closed subspace of H [31, Section 5.1].

Two operators S and T in H are said to be equal, written S = T, if they
have the same domain and Sf =T f for all f € D(S) =D(T). If D(S) C D(T)
and Sf =Tf for all f € D(S), then we say that S is a restriction of T and/or
T is an extension of S, and we write S C T. Clearly S = T if and only if both
SCTand T C S. The sum of S and T, denoted S + T, is the linear operator
in H defined by

D(S+T)=D(S)ND(T) and (S+T)f=Sf+Tf for feDS+T).

(The difference S — T is defined analogously.) The composition of S with T
denoted T'S, is the operator defined by

D(TS) = {f € D(S): Sf € D(T)} and (TS)f =T(Sf) for feD(TS).

Let n be a nonnegative integer. The n:th power of T is defined inductively by
letting 7" = I if n = 0 and 7™ = TT"~! otherwise. We say that S is an n:th
root of T if T'= S™.

A linear operator S is said to be closable if it has a closed extension T'. This
implies that (D(S),(-,-)s) is an inner product subspace of the Hilbert space
(D(T), (-, )r). The closure of the former in the latter is a Hilbert subspace of
(D(T), {-,-)r), and thus this closure is the domain of a closed restriction of 7T
This restriction is called the closure of S, and is denoted S. There are other
equivalent ways to define the closure [31, Section 5.1]; in particular, it can be
done in a manner independent of T'. Hence S is uniquely determined by S, and
has the property that S € S C T for any closed extension T of S.

2.5 Some important classes of linear operators

Let T be an operator in a Hilbert space H. We say that T is symmetric if

(Tf.g) = (f,Tg) forall f,geD(T).

10



An equivalent condition is that (T'f, f) is real for all f € D(T) [28, Lemma
3.1]. If T is everywhere defined and symmetric, then 7' is bounded by the
Hellinger-Toeplitz theorem [31, Theorem 5.7].

Lemma 2.1. If T is closable and symmetric, then T is also symmetric.

Proof. We use an equivalent definition of the closure [31, Section 5.1]: For any

fr9 € D(T) there exists a sequence {f,} (resp. {gn}) such that f, — f and
Tfn—Tf (resp. g, — g and T'g,, — Tg). Hence

(Tf,9) = (T fn, gn) = lim(fn, Tgn) = (f,Tg).
O

We say that a densely defined symmetric operator T is lower semibounded
if there exists m € R such that

(Tf,f) =m|f|* forall feDT).

Any such m is called a lower bound of T', and we write T' > m. The least upper
bound of all lower bounds of T is again a lower bound of T', and is denoted m(T).
We say that the lower semibounded operator T is nonnegative if m(7") > 0 and
that it is positive if m(T) > 0. If Ty, Ty are lower semibounded operators and
Ty, C Ty, then m(T3) > m(71) as we now show:

T5) = inf (T < inf (T: = inf (T} =m(Ty).
TS = 5 (512 I8 (T.F) = i (0411 = i)
fll=1 fll=1 fll=1

Lemma 2.2. If T is closable and lower semibounded, then m(T) = m(T).

Proof. On the one hand T C T implies m(7T) > m(T). Let ¢ > 0. We can
find f € D(T) such that ||f|| = 1 and (Tf, f) — m(T) < e. By using an
equivalent definition of the closure [31, Section 5.1] we can find g € D(T) such
that ||g|| = 1 and (T'g,g) — (Tf, f) < e. Adding these two inequalities gives
(Tg,g9) — m(T) < 2¢, and hence m(T) < (Tg,g9) < m(T) + 2¢. Since € was

arbitrary, m(T) < m(T). O

Let T be a densely defined operator in H. The adjoint operator of T, denoted
T*, is the linear operator in H defined as follows: f € D(T™) if and only if there
exists uy € H such that (f,Tg) = (uys,g) for all g € D(T), and in this case
T*f = uy. (The element uy is uniquely determined by density, so the action of
T* on f is well-defined.) One can show that the adjoint operator T* is always
closed [31, Theorem 5.3]. Furthermore, N'(T*) = R(T)* and (T +2)* =T*+%
for all z € C\ {0} [31, Theorems 4.13(b) and 4.20].

We say that a densely defined operator T is self-adjoint if T = T*. If
T is an everywhere defined self-adjoint operator, then T is bounded by the
Hellinger-Toeplitz theorem. (Such operators are sometimes called “Hermitian”
in analogy with Hermitian matrices, but we will not use this terminology.) We

11



will use Bs,(H) to denote the vector space of all everywhere defined self-adjoint
operators in H, though we warn the reader that this notation is not standard.
(It is used in for example [27].)

A densely defined operator T is symmetric if and only if 7" C T*. This
implies that all densely defined symmetric operators are closable.

Proposition 2.3 ([31, Theorem 7.20(a)]). Let A be a positive self-adjoint op-
erator. Then A has a unique positive self-adjoint n:th root, denoted AY/™.

A partial isometry on ‘H is an everywhere defined operator U on H for which
there exists a closed subspace M C H such that

lUfl=Ifll forall feM, Uf=0 forall feM*" .

We call M (resp. R(U)) the initial (resp. final) domain of U. (This terminology
is not standard, but is used in for example [31].)

Proposition 2.4 ([31, Theorem 7.20(b)]). Let T be a densely defined closed
operator in H. Then T can be uniquely represented in the form T = Ur|T)|,
where |T| is a positive self-adjoint operator in H and Ur is a partial isometry
with initial domain R(|T|) and final domain R(T).

The decomposition T = Ur|T| is called the polar decomposition of T. Note
that |T| has a unique positive self-adjoint square root, denoted |T'|*/2. Note also
that D(T) c D(|T|) c D(|T|*/?).

An orthogonal projection on ‘H is an everywhere defined self-adjoint operator
P on H such that P2 = P. One can show the following [31, Section 4.6]: If
P is an orthogonal projection, then P acts as the identity on R(P) and as the
constant map sending everything to zero on R(P)*. Conversely, if M is a closed
subspace of H, then there exists a unique projection Py such that M = R(Pa).

2.6 Sesquilinear forms in Hilbert spaces

A sesquilinear form (or just “form”) in H is a map t[-,-] : D(t) x D(t) — C,
where D(t) is a linear subspace of H and t[, ] is linear in its first argument and
antilinear in its second. D(t) is called the domain of t, and we say that the form
tis everywhere defined (resp. densely defined) if D(t) = H (resp. D(t) is dense
in H). The quadratic form associated to t is the map t[-] : D(t) — C defined by

{f]:==4f,f] for feD).

We say that the sesquilinear form t is symmetric if

t[f,g] = tlg, f] forall f,geD(t).

The quadratic form of a symmetric sesquilinear form is real-valued. There is a
natural partial order on the set of all symmetric forms: Given two symmetric
forms s and t, we write s < t if D(s) D D(t) and s[f] < t[f] for all f € D(t).
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(Note that the direction of the inclusion of the domains is opposite to what the
symbol < might suggest—this is intentional.)
We say that the symmetric form t is lower semibounded if there exists m € R
such that
t[f] >m|f||> forall feD(t).

Any such m is called a lower bound of t, and we write t > m. The least upper
bound of all lower bounds of t is again a lower bound of t, and is denoted m(t).
We say that the lower semibounded form t is nonnegative if m(t) > 0.

If t is a lower semibounded form with lower bound m, then its domain D(t)
is an inner product space with inner product

(frgye:=tf.gl + (1 —m)(f,g) for f,geD(t).

The corresponding induced norm || f||, := /(f, f)¢ on D(t) is called the form
norm of t. Replacing m with any other lower bound gives an equivalent norm
[28, Section 10.1]. We say that t is closed if (D(t), (-,-)¢) is a Hilbert space with
respect to one, hence to all, choices of lower bound m.

The notions of equality, restriction, extension, and sums of forms are defined
as for linear operators. We say that the lower semibounded form s is closable if
there exists a closed lower semibounded form t such that s C t, and the closure of
s, denoted s, is then defined similarly to the closure of a closable operator. One
can show that 5§ only depends on s, satisfies s C 5 C t for any closed extension
t of 5, and m(s) = m(s) [28, Section 10.1].

For any z € C, the everywhere defined sesquilinear form (f,g) — z(f,g)
will by a slight abuse of notation be denoted z. Note that if t is a symmetric
form and m € R, then t > m in the sense of form orderings if and only if
t{f] > m||f|* for all f € D(t); that is, if and only if t > m in the sense of
greatest lower bounds. Thus there is no ambiguity in the notation t > m.

2.7 The form representation theorem

Let A be a self-adjoint operator in H and let A = Ua|A| be its polar decompo-
sition. The sesquilinear form associated to A is the sesquilinear form t, in H

defined by
D(ta) = D(|A[V?) and taf,g] = (UalA|'?[,|A['/?g) for f,g € D(ta).

D(ta) is called the form domain of A. Note that t4 is densely defined since its
domain contains D(A) and A is self-adjoint (thus a fortiori densely defined). One
can show that A is lower semibounded if and only if t4 is lower semibounded,
in which case t4 is closed and m(A) = m(t4) [28, Propositions 10.5(ii) and
10.4(iii)]. The next theorem—the form representation theorem—states that we
can recover A from t4 in the case that A is lower semibounded:

Theorem 2.5 ([28, Corollary 10.8]). The map A — ta is a bijection of the set
of lower semibounded self-adjoint operators onto the set of densely defined lower
semibounded closed forms.
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Given a densely defined form t, let Ay be the linear operator defined as
follows: f € D(Ay) if and only if there exists uy € D(t) such that [f,g] =
(ug,g) for all g € D(t), and in this case Ay = uy. (The element uy is uniquely
determined by density, so this action of A on f is well-defined.) One can show
[28, Theorem 10.7] that when restricted to densely defined lower semibounded
closed forms, the map t — Ay is the inverse of the map A — t, furnished by
the form representation theorem.

We define a natural partial order on the set of all lower semibounded self-
adjoint operators in ‘H by letting A < B if and only if t4 < tg. A sufficient
(but not necessary) condition for A < B to hold is that D(A) > D(B) and
(Af, [) <(BYf, f) for all f € D(B) [28, Section 10.3].

We say that a family {A(X\)} of lower semibounded self-adjoint operators
indexed by a real parameter \ is monotonically increasing if A(A\1) < A(A2) for
all A1 < Ay, and we say that {A(M\)} is strictly increasing if it is monotonically
increasing and A(A1) # A(Az2) for all Ay < A2. The notions of monotonically
and/or strictly decreasing families are defined similarly.

If A is self-adjoint and m € R, then A > m in the sense of operator orderings
if and only if t4 > m, which as we have seen previously is the case if and only if
t4 > m in the sense of greatest lower bounds. Due to the equality m(A) = m(ta),
this is equivalent to A > m in the sense of greatest lower bounds. Thus there is
no ambiguity in the notation A > m.

2.8 Elementary spectral theory

Let T be a closed operator in H and let z € C. With notation as in Section 2.4,
recall that T'—z denotes the operator with domain D(T") and action f — T'f—zf.
The resolvent set of T is the set

p(T) :={z € C: T — z is injective and (T — 2)~* € B(H)}.

For any z € p(A), the operator (T — z)~1 is called the resolvent of T at z. The
spectrum of T is the set o(T') := C\ p(T). The point spectrum of T is a subset
of o(T) and is defined as

0p(T) :={z€ C: N(T — z) # {0}}.
A point z € o, (T') is called an eigenvalue of T, the (possibly infinite) dimension
of N(T — 2) is called the multiplicity of the eigenvalue, and a nonzero f €
N(T — zI) is called an eigenfunction corresponding to the eigenvalue z. We say
that an eigenvalue is simple if its multiplicity is 1.
Let A be self-adjoint. One can show that o(A) C R [28, Corollary 3.14].
Moreover, A is lower semibounded if and only if o(A) is bounded from below,

and in this case m(A) = mino(A) [31, Section 7.4, Corollary 2]. The discrete
spectrum of A is a subset of o,(A) and is defined as

04(A) :={X € 0p(A4) : X has finite multiplicity and is an isolated point of o(A)}.

The essential spectrum of A is the set 0.(A) := o(A4) \ 04(4), and we say that
A has a purely discrete spectrum if oo(A) = 0.
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Proposition 2.6 ([28, Propositions 5.12, 10.6]). Let A be a lower semibounded
self-adjoint operator in an infinite dimensional Hilbert space H. The following
are equivalent:

(i) A has a purely discrete spectrum;

(ii) the resolvent (A — z)~' is compact for one, hence for all, z € p(A);
(iii) the embedding map (D(A), |||l 4) = (H, |I]l) s compact;
(iv) the embedding map (D(ta),[|ll,,) — (H,|-||) is compact.

Let A be as in the above proposition, and suppose that A has a purely
discrete spectrum. Let {\,,} be the increasing sequence of eigenvalues, counted
according to their (finite) multiplicity; that is, each eigenvalue appears in the
sequence as many times as its multiplicity, and

A< <A<

The eigenvalue A is called the principal eigenvalue of A. Since m(A) = min o (A),
we necessarily have A\; = m(A).

Let F,, denote the set of linear subspaces of H of codimension < n. (In
particular, Fy = {#}.) The next theorem is (a special case of) the Courant-
Fischer-Rayleigh min-max principle:

Theorem 2.7 ([28, Theorem 12.1]). Let A be as in Proposition 2.6, and suppose
that A has a purely discrete spectrum. Then, for alln > 1,

N = (Af. ) el

n — Sup mn 5 = Ssu mn 5 -

MeF,_, feD(ANM || f|| MeF,_, FED(t)NM || £||
f#0 f#0

Taking n = 1 yields the following important special case:
Corollary 2.8. Let A be as in Theorem 2.7. Then

(Af, ) L talf]

A = ; ian) T =, 1n( ) 5
€D eD(t
o0 (/7 sepl I

By using the min-max principle one can show the following result, which
explains why the operator ordering is natural.

Proposition 2.9 ([28, Corollary 12.3]). Let A, B be lower semibounded self-
adjoint operators in an infinite-dimensional Hilbert space, both with a purely
discrete spectrum. If A < B, then A, (A) < A\ (B) for all n.
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2.9 Defect spaces and defect indices

Let T be a densely defined symmetric operator in a Hilbert space. Here and in
the sequel we use the abbreviation

N, =N(T*-2) for zeC.

The defect space of T at z is the subspace R(T — 2)* = N(T* — %) = Nz, and
the defect index of T' at z is the cardinal number

B(T,2) := dAimR(T — 2)* = dim N (T* — z) = dim N5,

where “dim” refers to the Hilbert space dimension, i.e., the cardinality of an
orthonormal basis. One can show that the map z — B(T, z) is constant in the
upper and lower half-planes of C [31, Theorem 8.1]. The two cardinal numbers
B(T,i) and B(T, —i) are called the defect indices of T, and we usually write them
as a pair (8(T, 1), 8(T, —1)). Using the so-called von Neumann extension theory,
one can show that T has self-adjoint extensions if and only if the defect indices
are equal [31, Theorem 8.6(c)], and if this is the case, then T is self-adjoint if
and only if the defect indices are zero [31, Theorem 5.20].
The regularity domain of T is the set

{z € C: there exists ¢ > 0 such that ||(T — 2)f|| > c||f] for all f € D(T)}.

One can show that the regularity domain is open [31, Section 8.1] and the map
z +— B(T, z) is constant on each connected component of the regularity domain
[31, Theorem 8.1]. If T is lower semibounded, then one can moreover show that
one such component contains the union of the upper- and lower half-planes of
C together with the portion (—oo, m(T")) of the real line [31, proof of Theorem
8.8]. It follows that the defect indices of T are equal (so T has self-adjoint
extensions) and that these indices are equal to

B(T,\) =dim(Ny) foreach X <wm(T).
We restate this as a proposition:

Proposition 2.10. Let T be a densely defined lower semibounded symmetric
operator. Then T has defect indices (m, m) if and only if dim(Ny) = m for one,
hence for all, X < m(T).

We shall also need a result from perturbation theory—the subject which
studies how the spectrum changes as operators are “perturbed.” This usually
means that an operator V which is in some sense “small” compared to T is
added to the latter to produce a perturbed operator 7'+ V. For example, under
the assumptions of the below proposition and considering A as a perturbation of
Tr, the difference between the resolvent (T — z)~! and the perturbed resolvent
(A—2)7! is a finite-rank operator with rank at most m for every z € p(Tr)Np(A)
[31, Theorem 8.10]. The proposition then follows essentially from this fact.
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Proposition 2.11 ([31, Section 8.4, Corollary 2]). Let T' be a densely defined
lower semibounded symmetric operator with finite defect indices (m, m), and let
A be a self-adjoint extension of T. Then o(A) N (—oco,m(T)) consists of only
eigenvalues of A with total multiplicity < m.

Corollary 2.12. Let T be a densely defined lower semibounded symmetric op-
erator with finite defect indices. Then all self-adjoint extensions of T are lower
semibounded.

Proof. As we explained in the previous section, a self-adjoint operator is lower
semibounded if and only if its spectrum is bounded from below, so the assertion
follows immediately from Proposition 2.11. O

2.10 The Friedrichs extension

Let T be a densely defined lower semibounded operator in a Hilbert space. To
T we associate a densely defined lower semibounded symmetric form sy by

D(st)=D(T) and sr[f,g|=(Tf,g) for f,g€ D(sr).

One can show that s is closable [28, Lemma 10.16]. Let t = 57. The Friedrichs
extension of T is then defined as the lower semibounded self-adjoint operator
Tr := A, where A¢ is defined as in Section 2.7.

Theorem 2.13 ([31, Theorem 10.17]). Let T be a densely defined lower semi-
bounded operator and let Tr be its Friedrichs extension. Then

(i) Tr is a lower semibounded self-adjoint extension of T with m(Tr) = m(T);
(i1) if A is any lower semibounded self-adjoint extension of T, then A < Tp;
(i) D(Tp) =D(T*)ND(t) and Tr =T* | D(TF);
() (T+XNp=Tr+X forall X € R.
Here T* | D(TF) denotes the restriction of T to D(Tr).

Lemma 2.14. Let t be a densely defined lower semibounded closed form, and
let T be a densely defined restriction of Ay. Then Tr = Ay if and only if D(T')
is dense in (D(4), ||-],)-

Proof. The form norm of t can be constructed as

IFIE = 4]+ (L= m(e) | fII* for f e D).

Since m(t) = m(A4¢) < m(T) = m(sy), the form norm of sp can be constructed
as

I£1Z, = srlfl + (L—m(t) [ fI* for fe€D(sr).

We have D(s7) = D(T) C D(Ay) C D(t) and sy[f] = (T'f, f) = (Adf, ) = t{f]
for all f € D(sr), where the last equality follows from the definition of Ay.
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Hence the two form norms are equal on D(sr), meaning (D(sr), |[l,,) is a
normed subspace of (D(t), ||-||,). The form domain of the Friedrichs extension
of T is by definition the closure of D(sy) = D(T) in (D(t),]-||,). We conclude
that Tr = A¢ if and only if this closure is exactly D(t); that is, if and only if
D(T) is dense in (D(), ||-|l,)- O

3 Self-adjoint extension theory

While both [8] and [24] used the extension theory of boundary triplets to con-
struct and parametrize point-interaction Hamiltonians, they did so in rather
different ways: The former designed a boundary triplet specifically adapted to
the problem at hand, while the latter used what amounts to a generic boundary
triplet. The main benefit of the approach used by [24] was that after a physi-
cally motivated reparametrization, the authors obtain a connection between the
extension parameter and an object called the relative Green’s function, and it is
this connection that eventually allowed them to derive their Faber-Krahn-type
inequality (6). However, [24] only treated the case of a single interaction center.
Our aim in this section is therefore to generalize the extension-reparametrization
method of [24] until it is applicable to the multi-point case. The main results
are Theorem 3.43 and Theorem 3.44, which we consider to be the correct gen-
eralizations of their methods to the abstract operator-theoretic setting.

Our source for the Krein-Visik-Birman extension theory is [28], but we would
also like to recommend the (at the time of writing) newly published book [5],
which treats especially boundary triplets with a great deal of depth.

Henceforth, let ‘H be a fixed Hilbert space.

3.1 Parametrizations of self-adjoint extensions

Let T be a densely defined symmetric operator in H and let A be the set of all
self-adjoint extensions of 7. Assume that 4 is nonempty, which as we explained
in Section 2.9 is equivalent to the defect indices of T being equal. Suppose
furthermore that there exist A € A such that p(4) NR is nonempty. Fix any
such extension A and fix A € p(A) NR. Under these assumptions, we will now
describe a way of parametrizing A by means of other self-adjoint operators. To
this end, recall the abbreviation N := N (T* — ) and let S(N,) denote the set
of all self-adjoint operators in arbitrary closed subspaces of Ny; that is, each
B € S(N,\) corresponds to a pair (Kpg, B) where K is a closed subspace of Ny
and B is a self-adjoint operator in p. (This necessitates that both D(B) and
R(B) are subspaces of Kg.)

Theorem 3.1 (28, Theorem 14.12]). Let T', A, A, and X\ be as above. Then
there exists a bijection S(Ny\) — A, where the extension Ty € A associated to
B € S(Ny) has domain

D(T}) = {u =f4+(A=N"'Bg+h)+g

[ eD(T), g€ D(B) .
"heNy\ND(B)* (
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and action B
Tau=Tf 4 (I +XA—X)"Y)(Bg+h)+ \g. (8)

Different choices of A € p(A)NR will in general lead to different parametriza-
tions S(NV)) — A in Theorem 3.1, so it follows that for any pair (), ) with
A, i € p(A) NR there exists a unique reparametrization S(Ny) — S(N,,), by
which we mean a bijection making the following diagram commute:

SN -2 4

| ©
S

We will have more to say about this later.

Recall that any lower semibounded self-adjoint operator A is uniquely as-
sociated to a densely defined lower semibounded closed form t4. (See Sec-
tion 2.7.) As in the next theorem we will sometimes find it convenient to
write D[A] := D(ta) for the form domain and A[-] := ta[-] for the associated
quadratic form.

Theorem 3.2. Let T be a densely defined lower semibounded symmetric oper-
ator in H. Take A =Tr and A\ < m(T) in Theorem 3.1 and let B € S(Ny). If
T§ is lower semibounded, then

(i) the quadratic form of T3 has domain
D[T3] = D[Tr] + D[B] (10)
and action
T3(f + 9] = Telf] + Blgl + A(If +91” = I1/1) (11)
for f € D[T}], g € D[B);
(ii) Ty > X if and only if B > 0.
Proof.

(i) S :=T — X is a densely defined positive operator in A with Friedrichs
extension Sp = Tr — A by Theorem 2.13(iv). We have

m(SF) = m(TF) — A= m(T) —A>0
and hence 0 € p(Sg) NR. Moreover,
B e S(N)) =SWN(T* — \)) = S(N(SY)).

We may therefore use Theorem 3.1 (with T = S, A = Sp, A = 0) to
construct a self-adjoint extension S% of S. By comparing the respective
expressions (7) and (8) for the two extensions T3 and S% we see that

Th = S% + A
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Now [15, Theorem 2.1 (2.3)] gives
D[T3] = DISp] = D[Sr] + D[B] = D[T¥] + D|B]
which proves (10), while [15, Theorem 2.1 (2.3)] implies
(T — NIf + 9] = SY1f + 9] = Srlf] + Blg) = (Tr — N)[f] + Blg]. (12)
Rewriting this expression yields exactly (11).
(i) The identity (12) tells us that T3 — A > 0 if and only if
(Tr — N)[f] + Blg] >0 forall feD[T3], g€ DB

Recalling the theory of Section 2.7, we have m(ty,_) = m(Tp — X) > 0
and therefore (T — \)[f] > 0 for all nonzero f € D[T3]. Since in addition
(Tr — A)[f] = 0 when f = 0, we hence conclude from the above inequality
that B > 0 is both a necessary and sufficient condition for T3 — A > 0.

O

The next observation is the author’s own.

Lemma 3.3. With the same assumptions as in Theorem 3.2, suppose that T
has finite defect indices (m,m). Then each set

An = A{T} : B€ S(N)), dim(D(B)) =n} for n=0,1,...,m

is independent of A < m(T), the sets Ag, A ..., A, are pairwise disjoint, and
AgU---UA, = A

Proof. Let A be a self-adjoint extension of T" and let B € S(N,) be such that
A = T}. Recall that B is a self-adjoint operator in some closed subspace Kp
of Ny. Proposition 2.10 implies dim(N,) = m, so dim(D(B)) < dim(Kg) < m.
Moreover, since B is self-adjoint, D(B) is a fortiori a dense subspace of Kg,
but since both spaces are finite-dimensional we must have D(B) = Kp. The
(always valid) chain of inclusions D(B) C D[B] C K now gives D[B] = D(B).
Corollary 2.12 guarantees that A is lower semibounded, so the decomposition
(10) applies and we have

DIA] = D[T¥] + D(B).

Therefore
D[A]/D[TFr) = D(B).
Since the left-hand side of this isomorphism depends on neither A nor B, we see
that the integer
dim(D[A]/D[T¢]) = dim(D(B))

only depends on the particular self-adjoint extension A itself. Thus A belongs to
exactly one of the sets Ay, ..., Ay, proving both that the sets are independent
of A and cover A. The sets are clearly disjoint since each A € A is of the form
A = T3 for aunique B € S(N3), and each set is nonempty since we can, for any
n=0,1,...,m, let D(B) be an arbitrary n-dimensional subspace of N and B
the identity operator in D(B). O
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We have Ay = {Tr} by (10) and (11). As for the other extreme case, recall
our notation By, (N)) for the vector space of all everywhere defined self-adjoint
operators on Ny. Since D(B) = m if and only if B is everywhere defined on
Ny, we have

A ={T3 : B € Bea(N2)}

The invariance of A, with respect to A < m(T") implies that we can restrict our
commutative diagram (9) of bijections to the following commutative diagram of
bijections:

TA

Bsa(Ny) —— A,

% (13)
)

We shall provide a formula for this map By, (Ny) — Bsa(N,) in Section 3.4.

Bsa (N,

Proposition 3.4. Let T be as in Lemma 3.3. If there exist f € N(Tr —m(T)),
A <m(T), g € Ny such that (f,g) # 0, then m(A) < m(T) for all A € A,,.

The following proof has been adapted from that of [24, Proposition 4.1(i)].

Proof. Let B € Byo(Ny) be such that A = T3. We may without loss of gener-
ality assume Re(f, g) # 0 by replacing f with if if necessary. Let

L(t) :=TH[f +tg] —m(T) || f +tg||> for teR.

Since (f,m(T)) is an eigenpair of Tr, Tr[f] = (Trf, f) = m(T)|/f||*>. Using
(11) we arrive after some simplification at

L(t) = £Blg] — (m(T) = N))(If +tgl” = I /1)
in which we note that the first term is o(|t|) as t — 0. We may also write

If +tll* = [I£1* = 2t Re(f, g) + ¢ [|g|”

in which the second term is o(|t|) as ¢ — 0. Hence

HO _ a(m(z) X)) Re(f.0) + o(1).
Since £(0) = 0, letting ¢ — 0 at both sides yields
£'(0) = =2(m(T) = A Re(f, g) # 0.

Thus by choosing ty with small enough absolute value and with correct sign,
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L(tp) will be negative. Corollary 2.8 then gives

TAlh
m(A) — B[2]
heD[TAL,h#0 ||h||
< TALf + tog]
= I +togl®
L(t
= #)2 +m(T)
£+ togll
<m(T).

3.2 Boundary triplets

Let T be a densely defined symmetric operator in H. In the next definition,
recall the notion of direct product of Hilbert spaces as defined in Section 2.3.

Definition 3.5. A boundary triplet for T* is a triplet (}C,I'g,T'1) consisting of
a Hilbert space K and two linear operators I'g,T'; : D(T™*) — K such that

(i) the map D(T*) — K @& K given by f — (Tof, 1 f) is surjective;

(ii) (T*f,q) — (f, T*g) = (L1 f,Tog) — Lof,T1g) for all f,g € D(T*).

The identity in (ii) is sometimes called the abstract Green identity.

Recall Section 2.9, in which we defined the defect indices of T" and asserted
that T has self-adjoint extensions if and only if these indices are equal; this is
in fact a necessary and sufficient criterion for 7™ to possess a boundary triplet:

Theorem 3.6 (28, Proposition 14.5]). There exists a boundary triplet for T*
if and only if T has equal defect indices, in which case the defect indices are
equal to dim IC, where K is the Hilbert space in Definition 3.5.

In view of the above theorem, let us for the remainder of this section assume
that T has equal defect indices, or equivalently that T has self-adjoint exten-
sions. Let (KC,T,T1) be a boundary triplet for 7*. Since N(Tg), NV (T'1) are
subspaces of D(T*), we can define two distinguished symmetric operators Ty, Ty
in H as the restrictions T; := T* [ N(T;) for i = 0,1. Actually, we have

Proposition 3.7 (|28, Corollary 14.8]). Ty, T1 are self-adjoint extensions of T'.

Note that this provides the “only if’-part of Theorem 3.6. We now partially
prove the “if”-part by constructing a boundary triplet for 7% in the special case
that T has a self-adjoint extension whose resolvent set contains a real point.
For this we need the following proposition, in which + denotes the direct sum
of vector spaces and not necessarily an orthogonal sum.
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Proposition 3.8 ([28, Proposition 14.11]). Let A be a self-adjoint extension of
T. Then, for each z € p(A),

D(T*) =D(T)+ (A —2) "Nz + N, (14)

D(A) =D(T) + (A—2)" "Nz (15)

Let us therefore assume that T has a self-adjoint extension A such that p(A)
contains a real number A. We construct a boundary triplet for 7 as follows:

For any f € D(T™), the decomposition (14) furnishes three uniquely determined
elements fr € D(T), fo, f1 € N such that

f=fr+ A=+ fo (16)
For i = 0, 1, define a linear operator I'? : D(T*) — Ny by T} f := f;.
Proposition 3.9 ([28, Section 14.3]). (Ny,T3,T7) is a boundary triplet for T*.

For this particular boundary triplet, the distinguished self-adjoint extension
Tp recovers the self-adjoint extension A that was used in the construction of the
boundary triplet: This is so because (15) and (16) imply

N(IY) ={f eD(T*):Tyf =0}
={feD(T*): fo=0}

={feDT*): f=fr+(A-N""f}
— D(A).

3.3 Gamma fields and Weyl functions

Let T be a densely defined symmetric operator in H with equal defect indices,
and let (K,T,T'1) be a boundary triplet for T*. As usual, we use ||-|| to denote
the norm induced by the inner product of H. Recall also that the restriction of
T to a subspace K C D(T) is denoted T' | K.

Lemma 3.10 ([28, Lemma 14.13]).
(1) To,Tv: (D(T), |
(ii) To T N o (NLL 1) = (K, |- lle) s @ continuous bijection for all z € p(Tp).

) = (K, |||l ) are continuous;

Let z € p(Tp). Since T™* — z is closed, its kernel (N, ||-]|) is a Banach space,
and hence the operator (I'g [ N,)™! : (K, |||l) = (H,|]-]]) is bounded by (ii)
and the open mapping theorem [14, Theorem 4.6.2].

Definition 3.11. The map v : p(Ty) — B(K, H) defined by v(2) := (Tp [ N;)~*
is called the gamma field associated to (K,To,T'1).

Let z € p(Tp). By Lemma 3.10(i) and the boundedness of y(z) there exist
positive constants ci, co such that

[Ty () fI < Ty () fllpe S erllv(2) flle < caca [[f]] forall f e K.
In other words, T'1y(2) : (I, |||lc) = (K, ||-|lc) is bounded.
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Definition 3.12. The map M : p(Tp) — B(K) defined by M(z) := I'1y(z) is
called the Weyl function associated to (K,To,T'1).

Note that both the gamma field and Weyl function are operator-valued, and
as such are sometimes called operator fields.

For our intended purposes, it will be sufficient to only treat those boundary
triplets furnished by Proposition 3.9. Thus, for the remainder of this section, let
us assume that T has a self-adjoint extension A such that p(A)NR is nonempty.
Since the induced boundary triplet (N, T, T'}) is dependent on the choice of
A € p(A)NR, the same is true for the associated gamma field and Weyl function,
so we will supplement our notation and write v and M) for these. Note that
these have the form

I p(A) = BNy H)  and My : p(A) — BN).
Let us write
Yi i p(A) = B(H,N,) and M5 : p(A) = B(N,)

for the pointwise adjoints of the respective operator fields: By this we mean
that v5(z) == (7a(2))* and M3(z) := (Mx(2))* for all z € p(A). Furthermore,
although we have v, (z) : Ny — H by definition, Lemma 3.10(ii) obviously allows
us to restrict the codomain, in which case we would have v, (z) : Ny — N,. By
a slight abuse of notation we will write v (z) for both of these operators, since
it will be clear from the context which is meant. By a similar abuse of notation
we will sometimes use 7} (z) to denote both the “full” adjoint 73 (2) : H — N
and the restricted adjoint v5(z) [ NV, : N; — N

While we cannot say much in the case of an arbitrary boundary triplet,
the gamma field and Weyl functions associated to (Ny,Tg,T'1) have concrete
formulas in terms of resolvents and projections, as the next proposition shows.
(With notation as in Section 2.5, recall that Py denotes the unique ortogonal
projection such that M = R(P), where M is a closed subspace of H.)

Proposition 3.13 ([28, Example 14.12]). For any z € p(A),
(i) (z) = (A= N(A=2)7" [Ny
(i) Mx(2) = (z = ) Payoa(2)-
By writing A — A = (A — 2) + (2 — A) and inserting into (i) we obtain the
alternative and often useful formula
ME) =T+ (=z-NA-2)"" Ny (17)

Here are some important identities satisfied by v, and M,. We remark that
these identities are valid for arbitrary boundary triplets as long as one makes
the necessary modifications, but as mentioned earlier we will not need this result
in its complete generality. Parts (iii) and (vi) imply that the gamma field and
Weyl function are operator-valued holomorphic functions on p(A)—we refer to
the appendix for a discussion of such functions. (One can even show that the
latter is a so-called Nevanlinna function, but we shall not need this fact here.)
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Theorem 3.14 ([28, Propositions 14.14 and 14.15]). Let z,w € p(A). Then
(i) N(vi(2)) = (M)t and 75 (2) | N, is a bijection of N, onto Ny;
(ii) 1 (2) = (A —w)(A = 2) "Iy (w);

(iii) yx(2)

(iv) M3(z) = Mx(Z);

(v) Mx(w) = Mx(z) = (w = 2)73 () (w);

(vi) Mx(z) is holomorphic with derivative M (z) = v;(Z)7A(2).

is holomorphic with derivative Lyx(z) = (A — z) "'y (2);

Corollary 3.15. Let z € p(A) and A\, € p(A) NR. Then

(1) 1 (2) = yu(2) A ()5
(i) ()™ = 7u(N);

(ii) (v3(1) T NW)(2(2) TN2) = 95(2) TN
(i) (V) T N~ =750 T N
Proof.

(i) Take w = p in Theorem 3.14(ii) and use Proposition 3.13(i) to rewrite the
right-hand side.

(ii) Take z = A in (i) and observe that Proposition 3.13(i) implies 5 (\) = I.
(iii) Let f € NV, and g € N,. Then

(A1) TN (2) TN fr9) = (R (), (2) £, 9)
() () g)
;M (2)9)
Z(2)f.9)

(R (2) TN2)f5 9)

(
=(f
={f
= {7
=
where we have used (i) in the third equality.

(iv) Taking z = A in (iii) yields

(A) TN () TNA) =73 (A) TN =T" [Ny =1.

O

Corollary 3.16. Let f,g € Nx. The map z — (Mx(2)f, g) is analytic on p(A),
and

L)) = A (BDa).
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Proof. By Theorem 3.14(vi),

d%Wx(Z)f, 9) = <%MA(Z)J”, 9) = MENE) 9 = (n(2) f,m(Z)g).

O

For the rest of this section we assume that A is lower semibounded. As
discussed in Section 2.8, this implies that m(A) is equal to the minimum of the
spectrum of A, and consequently (—oo,m(A)) C p(A).

Proposition 3.17. Suppose A is lower semibounded. For all s <t < m(A),
(i) (vs(t)h,h) > ||B||* for all h € H;
(ii) (Mx(t)g,g) > (Mx(s)g, g) + (t — ) [a(s)gll* for all g € Ny.

Proof.

(i) Our assumptions imply that A —¢ > 0 and t € p(A). Let h € H and
k:=(A—1t)"'h. Then

(A=) hh) = (k, (A —t)k) = (A — t)k, k) >0
Since h was arbitrary, (A—¢)~! > 0. Now the assertion follows from (17).
(ii) Let g € Ny and h := y,(s)g. By Theorem 3.14(v) and Corollary 3.15(i),
(Mx(t) — Mx(5))g,9) = (t = 5) (7 (s)1m()g; 9)
= (t = s) (09,1 (s)9)
= (t = 5)(1s()1r(s)g, 1A (5)9)
= (t = s)(s(H)h; )
> (t—s)[|n*,
where we have used (i) in the final inequality.

O

Corollary 3.18. Suppose that A is lower semibounded. Then p — My(u) is
strictly increasing on (—oo, m(A)).

Proof. Let s <t < m(A). Since x(s) is injective, Proposition 3.17(ii) implies
that (M (t)g, g) > (Mx(s)g, g) for all nonzero g € N and the assertion follows.
O

Proposition 3.19 ([28, Statement after Corollary 14.23]). Suppose A is lower
semibounded. Then A is equal to the Friedrichs extension of T if and only if

lim (Mx(u)g,g) = —oo  for all ge Ny\{0}.

p—>—00
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3.4 The transition map

The reader should keep in mind that the notation and terminology in this and
the next three sections have been introduced by the author for the purposes of
this thesis and are not standard. The results as they stand have been derived
by the author, which is why we do not provide references.

Henceforth, let T be a densely defined lower semibounded symmetric opera-
tor with finite defect indices (m, m), let A be a self-adjoint extension of T, and let
A i€ p(A)NR. Recall that we write B, (KC) for the vector space of everywhere
defined (and necessarily bounded) self-adjoint operators in a Hilbert space K.
Our goal in this section is to describe the unique bijection By, (Ny) = Bsa(N,)
making the diagram (13) commute.

By the theory in the previous section, we have for any B € By, (NV,,) a not
necessarily commutative diagram as below, where “~” indicates a bijection.

N)\ 8 A’\(/V' ) N# B N# Y A’\(/V' ) N)\

M (1)

Theorem 3.14(iv) implies that My(u) € Bsq(Ny), so it follows from the above
diagram that our choice of B induces a new everywhere defined self-adjoint
operator C' € By, (N)) by

C =3 (1) Bya(p) + Mx(p).-
In this way we obtain a map I'(i, A) : Bsq(N,) = Bsa(Na) by
L(p, N)B := 73 (1) Bya(p) + Ma(p) for B € By (Ny). (18)

Recall now the set A,,, of self-adjoint extensions of T' defined in Lemma 3.3 and
note that A4, acts as a sort of “manifold of self-adjoint extensions”: For each
A < m(T), Theorem 3.1 furnishes a map T : Bso(Ny) — A, acting as a sort
of global coordinate chart, in the sense that A,, takes the role of the manifold,
Bsa(N,,) takes the role of the open Euclidean subset, B € By, (N,,) takes the role
of the local coordinate, and Ty € A,, takes the role of a point on the manifold.
Formally speaking, changing A to p or vice versa should then, as in manifold
theory, induce a transition map Bsq(N,) = Bsa(Ny) which describes how to
pass between the two coordinate systems. The author, based on this, has chosen
the following terminology:

Definition 3.20. T'(u, A) is called the transition map from u to A.

Our next proposition shows that I'(u, A) has some of the basic properties we
would expect from such a map.

Proposition 3.21. Let A\, u,n € p(A) NR. Then
(i) T(\,A) is the identity map on Bsa(Ny);
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(i) T, \) My (n) = Mx(n);

(i) T'(p, NI (n, 1) = T, A);

(iv) T(u, \) is a bijection with inverse T'(u, \)~1 = T(\, ).
Proof.

(i) Proposition 3.13 implies v4(A) = ida;, and My(A) = 0. Then 75(\) =
Py, , and hence ~v;(\) | Ny = idy,. Plugging these into (18) gives that
T'(A\,\)B = B for all B € Bgo(N,y).

(ii) Theorem 3.14(v) gives

My (n) = My(n) = Mu(p) = (0 = 12)7, (1) 7 (0)-
Proposition 3.13(i), Theorem 3.14(v), and (17) then together yields
()M mya (i) = (1 = )73 )7 ()7 () (1)
= (1= ) () ya (1)) (v (M9a (1))

= (n — wya(w)ra(n)
= Mx(n) — Mx(p)-

Adding My (1) to both sides yields exactly I'(u, A) M, (n) = Mx(n).
(iii) Let B € Bsq(N;). Then, by (ii) and (18),
L, VT (1, 1) B = T (1, A) (73 () By (n) + v (0))
= W7 () By (ma (i) + 3 () My (n)ya () + M ()
= (M ()" By (mya(m) + T, A) M (1)
=N (m)Bya(n) + Mx(n)
= T(n,\)B.
(iv) This is an immediate consequence of part (i) and (iii).
O

Lemma 3.22. Let B € Bs,(N)\) and suppose that T'(\, p) B is invertible. Then
B — My (p) is invertible and

(PO 1) B) ™ = (1) (B = Ma(p) ™ (3 (1) T N)-
Proof. Let C :=T(\, p)B. Then B =T'(, A)C, so we have

B =3 (1)Cya(p) + Mx(p)

by definition of the transfer map. Thus

B = Mx(p) = vA(1)Cya(p)
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in which we see that the right-hand side, and therefore also the left-hand side,
is invertible. Inverting both sides yields

(B = Mx())™" = (m(w) " 'CT (4 () TN

and consequently

() (B = M ()" (vx(p) [ Np) = C 1
0

We can now prove (under the assumption that T has finite defect indices)
that the transfer map is the unique map making the following diagram commute:

PO | / (19)

Theorem 3.23. T4 = T g for all B € Byo(N.y).

T(xp)

Proof. Corollary 2.12 implies that T is lower semibounded, so we may choose
n < min{m(73),m(A)}. The Krein-Naimark resolvent formula [28, Theorem
14.18] when applied to the extension T3 states that B — M) (n) is invertible and

Tz —n)"" = (A=n)"" =M (B = Ma(n) ")

Theorem 3.14(i) implies that we can write vy(1) = (vx(n) [ Ny) Py, where Py,
denotes the orthogonal projection onto N, and we may hence use Lemma 3.22
to substitute in the above formula and obtain

Tz —n)' = (A=n)~' =T\ n)B) 'Py,.

Lemma 3.3 next implies that there exists a unique C' € By, (N,,) such that
T3 = TF. Arguing as above we find

(T& =)~ = (A=n)"" = (,nC) ' P,
Since the left-hand sides of the respective resolvent formulas are equal, we obtain
(T m)B)™ Py, = (T(k,m)C) " P,

which implies
(A n)B =T(u,n)C

and, using Proposition 3.21,

C =T(u,n)"'T(A\,n)B =T (1, ;)T\, n) B =T(A, ) B.
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3.5 Gamma families and Weyl matrices

Let T and A be as in the previous section and let (m,m) be the (finite) defect
indices of T'. Proposition 2.10 implies that dim(N,,) = m for all u € p(A) NR.
In fact, it suffices to know this for one particular u, since v, (\) is a vector
space isomorphism of N, onto Ny and therefore dim(Ny) = dim(N,,) = m for
all X € p(A) NR. More precisely, any ordered basis E,, = (el,...,e") of N,

J73 )

induces an ordered basis Ex = (ey,...,e}") of Ny by letting e := v, (\)e], for
each i = 1,...,m. Let us abbreviate this relationship as
E\= 'Y;L()\)Eu- (20)

By Corollary 3.15(i), we then conversely have vy (p¢)Ex = E,, so just as E,, is
said to induce E) we may also say that E, induces E,, or more generally that
they induce each other. This motivates our next pair of definitions:

Definition 3.24. Let E, and Ey be ordered bases of NV, and N}, respectively.
We say that E, and Ey are gamma compatible if (20) holds.

Definition 3.25. Let J be a nonempty subset of p(4) NR. A gamma family
for (T, A) on J is a family E = {E, : ¢ € J} of gamma compatible bases,
where E,, is a basis of NV, for each p € J.

Note that the concept of a gamma family only makes sense with respect to
a pair (T, A) and not the operator T by itself. This is because changing the
self-adjoint extension A will in general change the gamma field and thus the
criterion of gamma compatibility. Note also that to specify a gamma family
on J, it suffices to specify E, for a single y € J; all the other bases in the
family are then uniquely specified by gamma compatibility. Finally, note that
we may always uniquely extend a gamma family defined on a subset of p(4) NR
to a “full” gamma family on p(A) NR. Our reason for allowing a smaller set J
in the definition is this: In our intended application of these concepts (Section
4.4), T will be a lower semibounded differential operator with a purely discrete
spectrum, A = T will be the Friedrichs extension, (A —\)~! will be an integral
operator for all A € J := (—oo,m(T)), and we will construct a designated
gamma family for (7, Tr) on J using the kernels of these integral operators.

Let E be a gamma family for (T, A) on J, and let u € J. For each vector
u=(uy,...,uy,)" € C™, define a corresponding element u,, € N, by

o i
u, = E u;e,,.
i

This yields a vector space isomorphism U, : C"™ — N, by letting U,u := u,,.
The defining property of E, namely the requirement that the bases in E are
gamma compatible, is then equivalent to the commutation relation

Uy =7v,NU, foral \ped. (21)
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Let M,(m) denote the vector space of complex Hermitian m x m matrices.
For each everywhere defined self-adjoint operator B € Byq(N,,), define a corre-
sponding matrix B = (B;;)i; € Ms.(m) by letting

B;; = (Bef“eft) forall i,j=1,...,m.
This is equivalent to the requirement
(Buy,v,) = vABu forall u,veC™.

Definition 3.26. B is called the E-matriz of B.

Conversely, for each matrix B € My,(m), we may define a corresponding
operator B,, € NV, as the unique everywhere defined self-adjoint operator whose
associated sesquilinear form is given by

B,[u,, v, = (B,u,,v,) =vBu forall u,veC™ (22)

If B is the E-matrix of B, then clearly B, = B. In this way we obtain another
vector space isomorphism

Msa(m) $ BSG(NM)

(23)
B B,.
Proposition 3.27. Let \,u € J. Then
By =N ()Bun(p) forall B € Mga(m).
Proof. Let u,v € C™. Then, by (21) and (22),
(Y2 () Buya(p)ux, via) = (Buya(p)ux, ya(u)va) = (Buuy, vy)
= viBu = (Byuy,vy).
Since {vy : v € C™} = N, the assertion follows. O

The simplest nontrivial E-matrix one is likely to think of is the E-matrix of
the identity operator. It will play an important role in the sequel, so we give
this matrix its own notation:

Definition 3.28. The E-matrix of the identity operator in V,, is denoted E(u).

By definition, E(u) is the unique m x m matrix such that
(u,,v,) =vPE(u)u forall u,veC™ (24)

That is, E(u) = ((e),,€l,))i;, where (-,-) as usual denotes the inner product of
the ambient Hilbert space H. Since the restriction of the inner product to N,
is again an inner product, we see from the above identity that E(u) is a positive

definite Hermitian matrix. (Of course, the Hermitian part is already guaranteed
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due to E(p) being an E-matrix.) In particular, E, is an orthonormal basis if
and only if E(u) is the identity matrix.

The eigenspaces and operator ordering of operators in Byq(N),) can be ex-
pressed in terms of the eigenspaces and operator ordering of their E-matrices,
as the next lemma shows.

Lemma 3.29. Let B,B1,By € Mg, (m). Then
(1)) N(B, —z) =U,NB — zE(p)) for all z € C;
(it) (B1)y < (B2)y if and only if By < Bs.
Proof.
(i) Using (22), we have

N(B,) = {u, : B,u, = 0}
={U,u: (Byu,,v,) =0foralveC"}
=U,{u: v¥Bu=0for all ve C"}
=U,{u:Bu=0}
=U,N(B).

This proves the case z = 0. Since B — B, is linear, (B — zE(u)), =
B, — zE(u), =B, — z for all z € C, and hence

N(By —2) = N((B = 2E(u))) = U N (B = 2E(p)).

(i) (22) implies that (B;),[u,] = B;[u] for all u € C™ and i € {1,2} in the
sense of quadratic forms. Hence (B1),[u,] < (B2)y[u,] for all u € C™
if and only if B;[u] < Ba[u] for all u € C™. This is equivalent to the
assertion.

O

Let A € J. Recall from Section 3.3 that T has a designated boundary
triplet (Ny,I'3,T7), and let as usual My : p(A) — B(N,) denote the Weyl
function associated to (N, F{}, Fi\) For our purposes, the single most important
E-matrix will be the E-matrix of My () and deserves its own name:

Definition 3.30. The E-matrix of My(u) is called the Weyl matriz and is
denoted M(p, A).

Be mindful of the many implicit dependencies in this definition: M(u, A)
depends on A, i and the Weyl function, while the Weyl function depends on
the boundary triplet, and the boundary triplet finally depends on the particular
self-adjoint extension A of T'. So as to not clutter the terminology, we suppress
most of these and just call M(u, A) the Weyl matrix. Now would also be a
good time to remind the reader that the material in this and the next section
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is original to this thesis, so it is unlikely that the name “Weyl matrix” would
have the same meaning anywhere else.
By definition, M(g, A) is the unique m x m matrix such that,

M(p, A) = (<M,\(u)e§\,e§\>)ij forall 4,j=1,...,m.
The sesquilinear form of M(u, A) has a nice and symmetric appearance:
Lemma 3.31. vZM(u, \)u = (u — A\)(u,,vy) for all u,v € C™.
Proof. By the definition of the Weyl matrix, (22), and Proposition 3.13(ii),
VM (p, Nu = (1 = N Pavyya(p)un, via) = (1= X (wu, Pava)
= (= N V).
U

We can now characterize the transfer map in terms of the Weyl matrix,
which was in fact the author’s main motivation for introducing gamma families
and E-matrices in the first place.

Theorem 3.32. I'(u, A\)B,, = (B + M(u, A))a for all B € Mgq(m).
Proof. By (18), Proposition 3.27, the linearity of B — B, and the definition
of the Weyl matrix, we have
I MBy = 73 (1) Buya(p) + Ma(p) = B + (M(p, M)y = (B + M(p, A)) -
O

The theorem can be viewed as asserting the commutativity of the diagram

Mgo(m) —— Bsa(Nu)
BHB+M(H,A)l ll—‘(,u,,)\) (25)
Msa(m) L> Bsa(N/\)

where the top and bottom bijections are the isomorphisms in (23). We may then
chain this diagram with our earlier diagram (19) and obtain not only a family
of parametrizations of A,, by Hermitian matrices, but also a rule for passing
between the different parametrizations. We will discuss this more thoroughly
in the next section.

Due to (25), another appropriate name for the Weyl matrix might have been
the “transfer matrix.” In any case it is not surprising that we have a counterpart
of Proposition 3.21 for Weyl matrices:

Proposition 3.33. Let \, p,n € p(A) NR. Then
(i) M(A ) =0;
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(it) M(n, p) + M(p, A) = M(n, A);
(iti) M(p, A) = —=M(A, p).
Proof.

(i) Take ;= X in Lemma 3.31.

(ii) By Proposition 3.21(ii) and the definition of the Weyl matrix,

(M(n, \)a = Mx(n) = T'(p, )M (n) = T(p, A)(M(0, 1)) i

so Theorem 3.32 gives

(M(n, A))x = (M(n, 1) + M(p, X))
Since B — B, is an isomorphism the assertion follows.
(iii) Take n = X in (ii) and use (i).
O

We observe that the above properties are similar to those of a definite integral
of a function in one real argument, with integration limits from A\ to u. This
is not a coincidence, as we will soon derive an integral formula for the Weyl
matrix.

Recall that we started with an ordered basis E, of N, which by gamma
compatibility induced an ordered basis Ey of Ny for every other A € p(A)NR. Of
course, there is no need to stop there: Lemma 3.10(ii) says that v, (z) : Ny — N,
is defined and bijective also for complex z € p(A), so we can extend our gamma
family E to include these additional bases [E,. For this reason, we can also
extend the Weyl matrix M(z, A) to complex values of z € p(A) (but only in the
first argument, as the Weyl function M) is only defined for real A.) Although
we will not need this extended notion of gamma family in the sequel, the reason
we are now bringing it up is because this extended Weyl matrix is holomorphic
in its first argument:

Theorem 3.34. z+— M(z, \) is holomorphic on p(A), and

d S
£M<Zv )‘) = (<€;’ 6J2>)ZJ

Proof. This is a reinterpretation of Corollary 3.16 in terms of the Weyl matrix,
and the proof is trivial. O

We say that a function defined on an open subset of the real line is analytic
if it has a (possibly complex) power series expansion at each point in its domain.
Similarly, we say that a real matrix-valued function = — B(z) of a single real
argument is analytic if each component function x — B(z),; is analytic.
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Corollary 3.35. M(u, \) is analytic on p(A) NR separately in each argument,
and

%M(u, A) =E(p), %M(u, A) = —E(X).

Proof. The first derivative follows from the above proposition and the defini-
tion of E(u). The second derivative follows from the first by using Proposi-
tion 3.33(iii). O

As a consequence of this corollary, we arrive at an integral formula for the
Weyl matrix and its sesquilinear form. (The integral is taken componentwise.)

Proposition 3.36. Let A < p be such that [\, u] C p(A). Then

M1, \) = /; E(t) dt

and

m
vAM(pu, \)u :/ (ug, ve)dt  for all u,veC™. (26)
A

Proof. By the previous corollary and Proposition 3.33(i),
tog p
M(p, A) = M(\N) + ﬁM(t,)\) dt = / E(¢) dt.
A A

The second integral formula follows from the first together with (24). O

Corollary 3.37. Let A < pi be such that [\, u] C p(A). Then M(u, X) is positive
definite.

Proof. By (26), uM(p, \)u = [}’ |ug||” dt > 0 for all u e C™\ {0}. O
As yet another corollary, we obtain a mean value theorem.

Corollary 3.38. Let A < p be such that [\, u] C p(A). For all u € C™, there
exists 0 € (A, ) such that (u,,uy) = (|ug]|?.

Proof. According to Lemma 3.31, u M(y, \)u = (¢ — A\){u,, u,). Now divide
by u — A in (26) and use the mean value theorem for integrals. O

The following definition is commonly used in Sturm-Liouville theory: Let f
be a measurable function on a bounded or unbounded open interval (a,b). We
say that f is in L? near a (vesp. mear b) if there exists ¢ € (a,b) such that
f € L%(a,c) (resp. f € L?(c,b)).

Recall our assumption that A is a self-adjoint extension of T such that
p(A) NR is nonempty.

Proposition 3.39. Suppose that A is lower semibounded.
(i) w— M(u,\) (resp. A — M(u,\)) is strictly increasing (resp. strictly

decreasing) on (—oo,m(A));
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(i) The following are equivalent:

(a) A is the Friedrichs extension of T;
(b) Em uM(p, \)u = —oo for all u € C™\ {0};
H——00

(c) )\lim uM(u, \)u = +oo for allu € C™\ {0};
——00
(d) t > ||ug|| is not in L? near —oo for allu € C™ \ {0}.
Proof.

(i) By Corollary 3.18, u — My(u) = (M(p, A))x is strictly increasing on the
interval (—oo,m(A)), so Lemma 3.29 gives that p — M(u, A) is mono-
tonically increasing while the strictness follows from B — B, being an
isomorphism. The corresponding assertion for A — M(u, A) then follows
from Proposition 3.33(iii).

(i) By (22), (Mx(p)uy,uy) = u?M(u, Mu for all u € C™. Thus the equiva-
lence between (a) and (b) is just a restatement of Proposition 3.19. The
equivalence between (b) and (c) is a consequence of Proposition 3.33(iii),
and finally the equivalence between (c) and (d) is due to the integral for-
mula (26).

O

3.6 Weyl primitives and admissible operators

Let T be a densely defined symmetric operator with finite defect indices (m, m),
suppose that T has a self-adjoint extension A such that p(A) NR is nonempty,
let J be a nonempty subset of p(A)NR, and let E be a gamma family for (T, A)
on J. Let as before E(u) denote the E-matrix of the identity operator in N,
and let M(u, A) denote the Weyl matrix.

Let U be a connected subset of J. If g — W(u) is any componentwise
primitive of p+— E(u) on U, then Proposition 3.36 implies that

W(u) — W) =M(p,\) forall A\ pueU.

Conversely, if a family {W(u) : p € U} of matrices satisfies the above identity,
then Corollary 3.35 implies that p+— W (u) is analytic with derivative

W' (1) = %M(u, A)=E(u) forall pel.

This motivates our next definition.

Definition 3.40. A Weyl primitive for E is a family W = {W(u) : p € J} of
Hermitian m x m matrices such that

W) — W) =M(p,\) forall \peJ. (27)
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As a first example, note that p — M(u, \) itself is a Weyl primitive for E by
Proposition 3.33. Since any Weyl primitive is analytic with derivative p — E(u),
we see that on each connected subset of J any two Weyl primitives may differ
by at most a constant Hermitian matrix. In particular, if 7 is connected, then
each Weyl primitive is of the form p — M(u, A)+B for some constant Hermitian
matrix B.

As an immediate consequence of the definition, Corollary 3.35, and Propo-
sition 3.39, we have

Proposition 3.41. Let W be a Weyl primitive for E. Then pu — W(u) is
strictly increasing and analytic with derivative W'(u) = E(u). Furthermore, A
is the Friedrichs extension of T if and only if
lim ufW(u)u= —oo forall ucC\{0}.
p—r—00
In order to avoid repeating the same list of assumptions every time we wish

to use the theory in this and the previous sections, let us introduce the following
terminology:

Definition 3.42. An admissible operator is a triplet (T, E, W) consisting of
(i) a densely defined lower semibounded operator 7" with finite defect indices;

(ii) a gamma family E for (T,TF) on (—oo, m(T")), where T is the Friedrichs
extension of T

(iii) a Weyl primitive W = {W () : p < m(T)} for E.

The word “admissible” (in Swedish: ”tillaten”) is meant in the sense of
“admissible for the purposes of this thesis” and was chosen for its neutral tone,
so as to not imply that admissible operators are mathematical objects of interest
outside of this thesis. In the definition, we have assumed A = T, as this is the
only case we will encounter in practice. Note that this implies that the Weyl
primitive W satisfies the last assertion of Proposition 3.41. Finally, we would
like to point out that if (T, E, W) is an admissible operator, then it follows from
Proposition 2.10 that T has defect indices (m,m) if and only if m is exactly the
cardinality of each base in E.

We now state a “master theorem” for admissible operators that describes
some of the self-adjoint extensions of the operator in the triplet. For this pur-
pose, recall Lemma 3.3 and more specifically the definition of the sets A,.
Recall also that Uy : C™ — N, denotes the isomorphism that maps u € C™
onto uy = Y . w;e} € Ny, where Ey = (e},...,e}") is the basis of N).

Theorem 3.43. Let (T,E, W) be an admissible operator and let (m, m) be the
defect indices of T. Then, for all A < m(T),

(i) there exists a bijection Mgsqa(m) — Ay, where the extension Ty € Ay,
associated to B € Mg, (m) has domain

D(Tg)={u=f+Tr—-A)""(B-WQA)ur+uy: feDT),uecC"}
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and action
Tgu=Tf+ I+ (Tr — X)) (B - W()\))ruy + Auy
and is independent of .
(i) the quadratic form of Ty has domain
D[Tg] = D[TF] + N
and action
Tg[f +w] = Te[f] + 0 (B = W) u+ A(|f +u|* = || £]])
for f € D[Tx], u e C™;
(iii) Tg > X if and only if B > W()\);
(i) N(Tg — \) = U\N' (B — W(A)).
Proof.
(i) Let A\, < m(T). Tt follows from (27) that
(B—W(u)+M(u,A)=B—W(\) forall Be M. (m),

which can be expressed as the following commutative diagram:

Mo (m)
B—B—W(u)
Mo (m) B—B+M(1,)\)
B—B-W()\)
Mo (m)

Upon chaining this diagram with (19) and (25) we obtain another com-
mutative diagram

Mo (m) —— Bso(N,)

B—B-W(u) %

Msa(m) BB+M(u\) | T(i,\) A (28)

B—B-W()\) %

Msu(m) —— Bsa(N)\)

in which every map is a bijection. Hence, for each B € M, (m) there
exists an associated self-adjoint extension T()\B—W(k))x € A, which by
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the commutativity of the above diagram is independent of A < m(T"). We
therefore have a well-defined parametrization of A, by Hermitian matrices
through the map

B Tg =Ty wey, forall Be M(m) (29)

The expressions for the domain and action follow from Theorem 3.1.

(ii) With notation as in (29), Theorem 3.2(ii) implies that Ty > A if and only if
(B—W(A))x > 0, which by Lemma 3.29(ii) is equivalent to B—W(X) > 0.

(iii) The assertion follows in a straightforward manner from Theorem 3.2(i);
we only have to note that D[(B — W()\)),] = N, and that (22) implies
(B—W(\))\[uy] = uf’ (B — W(A))u for all u e C™.

(iv) [28, Proposition 14.17(i)] implies that
N(T =) = (VN (B~ W)x — Ma())
and Proposition 3.13 gives that the right-hand side reduces to
N((B-W())

which is equal to

UN (B —W(X))
as can be seen by taking z = 0 in Lemma 3.29(1).
O

The parametrization in (i) is unfortunately far from unique, since it depends
on both the choice of gamma basis and the choice of Weyl primitive. However,
in the application we have in mind (Section 4.4), there will exist natural choices
for each of these, so the lack of uniqueness will not pose an issue.

Theorem 3.44. Let (T,E, W) be an admissible operator and let (m, m) be the
defect indices of T. Let B € Mgq(m) and A < m(T). Then

m(Tg) =X if and only if Amax(W(A) —B) =0.

Proof. If m(Tg) = A, then Proposition 2.11 implies that A is an eigenvalue of
Tg. Thus m(Tg) = A if and only if

N(Tg— M) #{0} and Tg > A\
By Theorem 3.43(iii-vi), this holds if and only if
NW(A)—B)#{0} and 0>W(A)—-B,

which in turn is equivalent to Apax(W(A) —B) = 0. O
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3.7 Special case: Defect indices (1,1)

Let (T,E, W) be an admissible operator and assume that 7" has defect indices
(1,1). We shall now proceed to prove some results about such admissible oper-
ators which will later be used in Section 5.1.

As we remarked in Section 3.6, the defect indices of T being (1, 1) is equiv-
alent to each basis in the gamma family having cardinality 1:

E={E\:\<m(T)}={(ex): A <m(T)}.

Lemma 3.3 and Theorem 3.43(i) imply that the set of all self-adjoint extensions
of T is the disjoint union

AgU A = {TF} U {TB :B e Msa(l)}.

In particular, every non-Friedrichs extension of T' is of the form specified by
Theorem 3.43(i). Of course, each matrix in My,(1) is just a scalar matrix al
for some a € R. It is then convenient to use the shorthand

T, :=T,, for a€R.

Proposition 2.11 implies that o(T,,) N (—oo, m(T")) is either empty or consists of
at most a single isolated simple eigenvalue. Recall now that m(7,) = mino(T,),
and moreover m(T,) < m(T) since T, is an extension of T' (see Section 2.5). It
follows that for each a € R there is one of two mutually exclusive alternatives:

Case 1: m(T,) = m(T) and o(T,) N (—oco,m(T)) = 0;

Case 2: m(T,) < m(T) and o(T,) N (—oo,m(T)) = {m(T,)} and m(T,) is a
simple eigenvalue.

As for the Weyl primitive, we have W(A) = w(A)I for all A < m(T") and
some scalar function w : (—oo,m(7T")) — R. Proposition 3.41 yields that w is

strictly increasing, analytic with derivative w’(X) = (e, ex) = [lex]|?, and
lim w(\) = —o0.
A——o00

It follows that w : (—oo,m(T")) — R is a bijection if and only if the limit

w(T) := /\/hnrlr(lT)w(/\)

is equal to +00. We observe that if w(7') = 400 for one choice of Weyl primitive,
then it is true for all choices, as any other Weyl primitive must be of the form
w + ¢ for some constant ¢ € R. In fact, this property is even independent
of the gamma family: Choosing another gamma family amounts (by gamma
compatibility) to rescaling each basis vector ey by a fixed nonzero (complex)
constant, and the identity w(u) —w()\) = [}’ llec||® dt implies that this rescaling
cannot affect whether the above limit diverges or not. In other words, the
question of whether w(7T') = +o00 or not is only dependent on the operator T'
itself and not on the particular choice of admissible operator.
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Proposition 3.45. Let o € R. Then m(T,) < m(T) if and only if o < w(T).
Letting m(«) := m(T,,), we have that the two maps

w: (—oo,m(T)) = (—oo,w(T)) and wm: (—oo,w(T)) = (—oo,m(T))
are inverses of each other.

Proof. Let A < m(T"). Since the largest eigenvalue of a matrix of size 1 x 1 is
equal to the only component of the matrix, Theorem 3.44 implies that

m(a) = A if and only if w(\) = «a.
Thus, if case 1 holds then w(\) # «, and since w is a bijection onto (—oo, w(T'))
we must therefore have a > w(T). If case 2 holds, then a = w(m(a)) < w(T).

This proves the first assertion. The second assertion then follows from the above
equivalence. O

There is an interesting connection between the extended real number w(7')
and a recent result [15]. For it has been shown [15, Theorem 2.6] that if S is
a densely defined lower semibounded symmetric operator, then S has a lower
semibounded self-adjoint extension Spr, the “least-top extension”, such that
for any lower semibounded self-adjoint extension A of S,

m(A4) =m(S) ifand only if A > Spr.
Let a € R. Now, on the one hand Proposition 3.45 asserts that
m(T,) =m(T) if and only if « > w(T)

while on the other hand, Theorem 3.43(ii) (more specifically, our expression for
the quadratic forms) implies that T,, > T, 7 if and only if a > w(T'). From
this we conclude that T = TW(T).

Corollary 3.46. The map m: (—oo, w(T)) — (—oo,m(T')) is a strictly increas-
ing and analytic bijection with derivative m’(«) =1/ Hem(a)HZ.

Proof. Since w is a strictly increasing and analytic bijection, its inverse m must
also be a strictly increasing and analytic bijection. By w/(\) = [lex]” along
with the well-known formula for the derivative of an inverse, we have

d 1 1

m'(a) = @W_ () = e —r) =

eme|”

Lemma 3.47. The following are equivalent:
(i) m(T,) <m(T) for all « € R;
(ii) w(T') = 4o0;

(iii) t + |le¢| is not in L? near m(T).

Proof. Proposition 3.45 provides the equivalence between (i) and (ii), as it im-
plies that (i) holds exactly if o < w(T) for all @ € R. The equivalence between
(ii) and (iii) follows from the identity w(u) — w(A) = [}’ llec|)? dt. O
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4 Point-interaction Hamiltonians

We shall now begin our study of point-interaction Hamiltonians in bounded do-
mains. Section 4.1 starts with an overview of distributions and Sobolev spaces.
These concepts are then immediately applied in Section 4.2, in which we con-
struct the Dirichlet Laplacian as the Friedrichs extension of a certain densely
defined lower semibounded operator in L?(2). Section 4.3 introduces an impor-
tant function associated to the Dirichlet Laplacian called the Green’s function.
Using the above self-adjoint extension theory, we then proceed to construct
the point-interaction Hamiltonians and investigate their spectral properties in
Sections 4.4 and 4.5, respectively.

Throughout this entire section, let {2 denote a nonempty open subset of
R?, d > 1. We say that Q is bounded if it is contained in some open ball. The
boundary of Q is the closed set 99 := Q\ Q. If Q is bounded and k a nonnegative
integer, then we say that Q has C*-boundary if the following holds: For any
x € 09 there exists a neighbourhood U of x and a function f € C*(R4~1 R)
such that—upon relabeling and reorienting the coordinate axes if necessary—we
have

QNU ={(z1,...,2q) €U : g > f(21,...,24-1)}

If £ > 1, then the surface measure of the piece 0Q2 N U is defined as

F(AQNTU) = / det(J(f)TJI(f)) da

{w€RI (2, f(2))€U}

where J(f) is the Jacobian matrix of f. This induces a measure o on 92 which
is again called the surface measure of 9. The associated L?-space of complex-
valued functions on 952, square-integrable with respect to the surface measure,
will be denoted L2(992). Still supposing k > 1, the outward unit normal vector
at © = (r1,...,24) € 002 NU is defined as

v(z) = (=Vf(z1,...,24-1),1)
\/|Vf(l°1, oo xg-1))?P+1

or, if the coordinate axes have been relabeled and/or reoriented, v(z) is defined
as the result of applying the opposite sequence of transformations to the right-
hand side. (Both the surface measure and the outward unit normal vector are
of course independent of the particular choice of f.)

4.1 Distributions and Sobolev spaces

For any bounded complex-valued function f defined on a subset of R?, let

[/l = sup [f(@)],

where the supremum is taken over the domain of f. Let C§°(£2) denote the
normed space of smooth complex-valued functions on 2 with compact support
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and norm given by ¢ — ||¢||.. Let
L*(Q) := {f :Q — C: f is measurable and / |f|? dx < —l—oo}
Q

where the integral is taken in the Lebesgue sense, and recall that L%(Q) is a
Hilbert space with inner product

(f.g) = /Q fgde for f.ge L*(Q).

(See, e.g., [14, Section 3.2].) The induced norm on L?(£2) will be denoted ||-.
Lemma 4.1 ([19, Theorem 1.2.5]). C§°(Q) is dense in (L*(Q), |-||)-

A multi-index is a vector o = (a1, .. ., aq) of nonnegative integers. For any
multi-index «, let

N 9 aq o aq

A distribution on  is a linear functional T' : C§°(€Q2) — C such that for every
compact subset K C ) there exist a positive constant C'x and a nonnegative
integer nx such that

[Tl < Ck Z [0%p|l, forall ¢ e C§°(R), suppy C K.

la|<nk

The set of distributions on €2 form a complex vector space.
An important class of distributions is the class of Dirac delta distributions
0z for z € Q. They are defined by ¢ = p(z) for all p € C§(Q).

Lemma 4.2. {0, : z € Q} is a linearly independent set in the vector space of
distributions.

By this we mean that each finite subset of {d, : © € Q} is a linearly inde-
pendent set in the usual sense.

Proof. Let X be a finite subset of € and suppose ) _y ¢z, = 0 for some
¢ € C. Let zg € X. Let B be an open ball centered at zy and small enough
that BNX = {x0}. Choose p € C5°(B) such that p(zy) = 1. By applying both
sides of our distributional equality to ¢ we obtain 0 = ) c,¢(x) = ¢z,. Thus
all coefficients ¢, are zero, and {J, : # € X} is a linearly independent set. [

Any f € L?(2) induces a distribution Ty on 2 by
Trp = / fedx={(f,p) forall ¢eCFA).
Q
If f,g € L?(Q) and Ty = T,, then Lemma 4.1 implies f = g. Thus we have
a linear embedding f ~— T, and we may in this sense say that we have the

inclusions
C5°(Q) € L*(Q) C {distributions on Q}. (30)
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Lemma 4.3. §, is not of the form Ty for any f € L*(%).

Proof. Suppose that §, = T for some f € L*(Q). Take ¢ € C§°(£2) supported
on the unit ball such that 0 < ¢(z) < 1 for |z| < 1 and ¢(0) = 1, and let
on(z) = p(nz) for n € N. Hence |fp,| < |f| pointwise for all n and fp, — 0
almost everywhere, so fQ fondx — 0 by the dominated convergence theorem.
But this is a contradiction, since fQ fondx =Trp, = 00, =1 for all n. O

Let T be a distribution on . For any multi-index «, the distributional
derivative 0T is defined by

(8°T)p := (=1)I1T(0%p) for all ¢ € C°(Q)

and is again a distribution on 2 [19, Section 3.1]. By using partial integration,
one can show [10, Section 5.2.1] that 0°T, = Ty, for any ¢ € C§°(2) and
multi-index «. Thus we have a notion of derivative on the largest set in (30)
that agrees with our classical notion on the smallest. In particular, we can
“differentiate” functions in L?(Q) arbitrarily many times, though the result will
in general only be a distribution.

Let f € L*(Q) and let a be a multi-index. We say that f has a weak
derivative of order o if 0°Ty = T, for some (necessarily unique) g € L?(2). In
this case 0“f := g is called the weak derivative of f of order a. Note that the
weak derivative of f of order (0,0,...,0) is just f itself. Given a nonnegative
integer k, we define the Sobolev space of order k as the vector space

H*(Q) := {f € L*(Q) : f has a weak derivative of order a for all |a| < k},
and we equip H*(Q) with the inner product
(fs9) @) = Z (0°f,0%g) 2y forall f,g¢€ Hk(Q)
|| <k
which induces the norm

Hf”?{’v(ﬂ) = Z ||3af||iZ(Q) for all f e H"()
o<k

One can show that (H*(Q), (-, -) g () is a Hilbert space [10, Section 5.2.3]. Note
that H°(Q) = L2(f2), not just as sets but as Hilbert spaces. Finally, we define
H§(Q) as the closure of C§°() in (H*(Q), (-,-)gr(q)), which automatically
makes it a Hilbert space.

Any f € H'(Q) has a well-defined gradient Vf := (%, cee %), where
d 2
of
Vf?=
V1] ; Bo;

is integrable, and
d

VA=

i=1

2

of
8:@
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Since this quantity appears often we will use the shorthand |V f]| := || [V f]||-
Note in particular that

1 Gy = D 10%FIZ = £+ IV AP (31)

la|<1
Proposition 4.4 ([10, Section 5.6]). Suppose Q is bounded. Then
(i) the embedding (H3(®), |-l 72(y) = (L*(@), 1) is compact;
(1) there exists a positive constant cq such that Poincaré’s inequality holds:
ca | fI* < IVAI* forall fe Hy(Q).
Under some mild regularity assumptions on 2, the next theorem makes it
possible to assign boundary values along 9 to functions in H!(£2).

Theorem 4.5 ([10, Section 5.5, Theorems 1 and 2]). Suppose Q is bounded with
Cl-boundary. Then there exists a unique bounded linear operator

Tr: (H'(Q), -l 1 () — (L*(09), Il L2 00))

such that Tr(f) = f | 0Q for all f € HY(Q)NC(Q). Moreover, Hi () = N(Tr).

The operator Tr is called the trace operator, and for any f € H'(Q) the
associated “boundary value” Tr(f) € L%(99) is called the trace of f.

The following proposition is a special case of the Sobolev embedding theorem
[10, Theorem IL.6.6]. (We actually have the stronger statement that H?(Q)
embeds continuously into the Holder space C?7(Q2) for a certain 0 < v < 1
depending on d, but we will not need this strengthened version.)

Proposition 4.6. Suppose d < 3 and Q is bounded with Ct-boundary. Then
H?(Q2) € C(2), and there exists a positive constant ¢ such that

sup |f(2)] < c[|fll iy for all fe H*(Q).
e

We end this section with a couple of lemmas. These will be used in Section
4.4 to prove that a certain linear operator H is closed.

Lemma 4.7. Let k > 0 be an integer such that 2k +1 < d. Let p € C§°(R?),
and let ¢y (x) = @(nx) forn = 1. Then |[¢n| g gay — 0 as n — oo.

Proof. For any multi-index «,

(0%¢n)(x) = nl*l(9%p) (nx)

and
(0%¢n) (@) = n®I*|(0%p) (na)
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so integrating both sides over R? yields
0% all* =ne! [ (0% ) (na) d

The map x — nx is a bijection of R? onto itself, and the determinant of the
Jacobian of the map is n?. Hence, by the change of variables formula for inte-
grals,

10%pnll* = n?eI= (|07

If |a| < k, then 2|a| — d < —1, and summing both sides over all such « gives

2 - 2
ez <07t ol -
Taking n — oo, the assertion follows. ]

Lemma 4.8. Let k be as in the previous lemma and let X C R? be a finite set.
Then the set
{feCF): f(x) =0 forallz € X} (32)

is dense in (HE(Q), ||||Hk(Q))

Proof. Let f € HE(Q) and let € > 0. By definition of HY(£2), we can find ¢ €
C5°(€) such that [|f — @[ (o) < €/2. Let 1 € C5°(R9) be such that ¥(0) = 1,
and let ¢, (z) = ¢(nz) for n > 1. By the previous lemma, [|¢n |z ga) — 0 as
n — oo. For all large enough n, the function

pn(@) = p(@) = Y @(wo)¥n(z — o)

roEX

is in (32). Moreover, || = ¢n|lfiq) — 0 as n — oo. Hence we can choose
N such that || — |l i) < €/2, and then [|f — on|[grg) < € by the trian-

gle inequality. This shows that every function in HF(£2) can be approximated
arbitrary well in H*-norm by functions in (32). O

4.2 The Dirichlet Laplacian

Let £ be the linear partial differential expression

We say “expression” because we do not a priori specify whether £ acts on C2-
functions, or on functions in some Sobolev space, or even just as a distributional
derivative; we will use the same symbol £ in all of these contexts. It is called the
negative Laplacian (henceforth just “Laplacian”), and we devote this section to
constructing an appropriate realization of £ as a lower semibounded self-adjoint
operator in L2(£2). For this we will need the Green’s formulas:
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Proposition 4.9 ([28, Theorem D.9]). Suppose Q is bounded with C?-boundary.
Let v(x) be the outward unit normal vector at x € I and let o be the surface
measure of Q. For all h € HY(Q) and f,g € H*(Q), we have

- _ Of —
/Q(—Af)hdac-/ﬂVf~Vhda:— a—hda7

aq oV

/Q(—Af)gd:v—/ﬂf(—Ag)dx=/m< §§—§§g> do.

Before we proceed, let us first recall the classical formulation of the boundary
value problem for —A on 2. For this purpose we introduce the sesquilinear form

D(t) = H'(Q) and t[f,g]z/ﬂVf-Vigdx for f,g € D(t).

Definition 4.10. Suppose (2 is bounded with C'-boundary. Let f € H' (),
g € L*(Q), h € L*(99), and z € C. We say that f is a weak solution to the
boundary value problem

(—A—2)f=g on £,
{f =h on 00 (33)

if t[f,u] — z(f,u) = (g,u) for all w € H}(Q) and Tr(f) = h, where Tr is the
trace operator associated to (2.

The classical approach to the Dirichlet eigenvalue problem (as used by for
example Evans [10]) is in other words to take g = 0 and h = 0 in (33) and look
for nontrivial weak solutions as z € R varies.

The notion of a weak solution to (33) with Dirichlet boundary conditions
(i.e. h = 0) can be equivalently formulated using the more modern notion
of distributions: Observe that since C5°(Q) is dense in (HE(Q), [l 72 (q2)) the
statement

tf,u] — 2(f,u) = (g,u) forall wue H}(Q)

is equivalent to

el = 2(fi0) = (9,9) forall ¢ e CF(Q)
which by one of the Green’s formulas (Proposition 4.9) is equivalent to

/f(—A—z)Edz:/f@dw for all ¢ € C5°(2)
Q Q

which is equivalent to (—A — 2)Ty = T, in the sense of distributions. It follows
by this and Theorem 4.5 that f € H'(f) is a weak solution to

(_A_Z)f:g on Q7
f=0 on 0N
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if and only if

(—A — Z)Tf = Tg,
fe Hg(Q).

This suggests that by restricting the distributional derivative operator —A to
an appropriate subspace of H}(Q2), we can not only view —A as an operator
in L?(Q), but also encode the Dirichlet boundary condition into the operator
itself. (A benefit of this is that we can drop the assumption of C'-boundary
since we are no longer using the trace operator explicitly.) This is essentially
what we will do next, though in practice we will follow the approach of [28] and
construct the Dirichlet Laplacian as a certain Friedrichs extension.

Given any f,g € C§°(), let Q be a bounded open set with C2-boundary
such that

(supp f) U (suppg) € Q C Q.

Since f,g are identically zero in a neighbourhood of Bﬁ, the same is true for
their normal derivatives g—,{, %, and thus the Green’s formulas gives

/ﬁ(—Af)?d:r = /ﬁ Vf-Vydz,
|-angas— [ f=Bgyas o

Since f, g are identically zero also on Q\ §~2, the above equations hold true when
we replace 2 with €2, and the resulting equations may be summarized as

(Lf.g) = (f. Lg) = /Q Vf.Vgde.

In particular, )
(LL L) =V

As a consequence we obtain a densely defined lower semibounded symmetric
operator Lo in L?(Q) by

D(Lo) = CSO(Q) and Lo=Lf for fe D(Lo)

We now proceeded by constructing the Friedrichs extension of Lg. Following
Section 2.10, we introduce a densely defined positive closable form s by

D(S) = D(LO) and 5[.f’ g] = <['f: f> for fag € D(5)7

and we aim to compute the closure of s. We observe that s is a restriction of t,
but it turns out that the domain of the latter is too large to be the closure of
the former. Instead, let us define

to =t | HY(Q) x HA(Q). (34)
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The quadratic form associated to tg is given by
tlf] = [VfI* for [ €Dlt),

and since m = 0 clearly is a lower bound of ty, its form norm (which we recall
is unique up to equivalence of forms) is given by

A1, = tolf1+ (L =m)* I FI* = IV AP+ 1 A1° = 11 )

where we have used (31). Since s is a restriction of t, the form norm of s is a re-
striction of the form norm of ty. In other words, the normed space (D(s), ||-||,) =
(C5(2), Il g1 (qr)) 1 @ mormed subspace of (D(to), ||-|l,,) = (HL(Q), 171 (2)-
Since H{ () is by definition the closure of C§°(2) with respect to the H(2)-
norm, we conclude that § = t;. Hence, by Theorem 2.13(iii), the Friedrichs
extension of Ly can be constructed as

D((Lo)r) = D((Lo)*") N H(Q) and  (Lo)r = (Lo)* | D((Lo)F).

To obtain a concrete description of the Friedrichs extension, we therefore require
a concrete description of the adjoint of Lg. As the next proposition shows, this
adjoint is the so-called maximal operator L., which is defined as follows:
[ € D(Lmax) if and only if LTy = T, for some (necessarily unique) g € L*(Q),
in which case Liyaxf = g.

Proposition 4.11. (Ly)* = Lmax.
Proof. Let f € L%(). By definition of the adjoint, f € D((Lo)*) if and only if
(f, Lop) = (g,) forsome g€ L*(Q) andall ¢ € D(Ly),
and if this is the case, then (Lg)*f = g¢. Since D(Lg) = C§°(2), we have
(f. Low) = Tr(Lop) = T(LP) = (LTF)7 and (g.¢) =Ty
for all ¢ € C§°(Q2). Hence f € D((Lo)*) if and only if
LTy =T, forsome gé¢ L*),

and if this is the case, then (Lo)*f = ¢. In other words, (Lg)* = Lmax by the
definition of the latter. O

Definition 4.12. The Dirichlet Laplacian —Ap is the lower semibounded self-
adjoint operator in L?(2) defined in any of the following equivalent ways:

(i) as the Friedrichs extension of Ly;

(ii) as the unique self-adjoint operator corresponding to the densely defined
positive closed form tg;

(iii) as the restriction of Lyax t0 D(Lmax) N HY (2).
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Note that unlike the definition of a weak solution, the definition of the Dirich-
let Laplacian requires no additional assumptions on the open set 2. However,
in order to gain a better understanding of —Ap and especially its spectrum
we must be willing to make at least some assumptions. To begin with, if we
impose that  is bounded (but without imposing any regularity whatsoever on
the boundary of 2) we obtain

Proposition 4.13. Suppose Q is bounded. Then —Ap has a purely discrete
spectrum. and its principal (lowest) eigenvalue is the largest constant cq for
which Poincaré’s inequality holds. In particular, —Ap is a positive operator.

Proof. As we recall, the form associated to —Ap is tg, so the form domain and
form norm of —Ap is (H}(Q), [l z72(c2))- According to Proposition 4.4(i), this
normed space is compactly embedded into its ambient Hilbert space, and hence
—Ap has a purely discrete spectrum by Proposition 2.6. Corollary 2.8 now says
that the principal eigenvalue of —Ap is given by

2
_ IV
1= m. 5 -
ferg @) | f]l
f#0

The greatest ¢ for which Poincaré’s inequality holds is exactly equal to the
right-hand side, and this cq is positive by Proposition 4.4(ii). Since —Ap has
a purely discrete spectrum, its greatest lower bound is equal to the principal
eigenvalue, which is cq, and thus —Ap is positive. O

Due to this result we usually prefer to write A1 () instead of m(—Ap) for
the greatest lower bound when 2 is bounded, since in this case the greatest
lower bound and the principal eigenvalue are one and the same (as explained in
Section 2.8). This notation also makes explicit the dependence on €2, which is
convenient when we want to vary the domain, as we will do later.

If we in addition impose that Q has C'-boundary, then Definition 4.12(iii)
and Theorem 4.5 yield D(—Ap) = D(Lmax) NN (Tr), which we may interpret
as saying that the domain of —Ap consists of all functions f vanishing on
the boundary of  and such that —Af makes sense. If the boundary of € is
sufficiently regular, then the domain and graph norm of —Ap can in fact be
determined explicitly:

Proposition 4.14. Suppose ) is bounded with C?-boundary. Then

(i) D(=Ap) = H*(Q) N Hy(Q);

(ii) the graph norm of —Ap is equivalent to the H?(Q)-norm on D(—Ap).
Proof.

(i) Recall that D(—Ap) = D(Lmax) N HE(Q). Obviously H%(Q) C D(Lmax),
so H%(Q) N H () € D(—Ap). By a so-called regularity result for the
Dirichlet Laplacian, itself a special case of a regularity result for uni-
formly elliptic second-order linear partial differential operators, we have
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D(—Ap) C H?(Q) [10, Section 6.3, Theorem 4]. (It is at this point that we
use the assumption of C?-boundary.) Therefore we also have the reverse
inclusion D(—Ap) C H?(Q) N HE(Q).

(ii) —Ap is self-adjoint and in particular closed, meaning (D(—=Ap), || - | _A,)
is a Hilbert space. (H(Q),] - [ #1(2)) on the other hand is a Hilbert
space by construction, and, since || - ||H1(Q) <|- HHQ(Q), we see that

(D(=ADp), ||l zr2() 18 also a Hilbert space. To have equivalence between

the two norms, it therefore suffices to show that one is stronger than the
other [14, Corollary 4.6.3]. This is straightforward:

2 2 2

I IZa, = I+ 1=ADp
d

0% f

—_ 2 _——

=P+ 3|5t

< ||f|\§12(9) :

2

O

Finally, if the dimension is not too large, then —Ap is guaranteed to act
only on functions continuous up to the boundary:

Proposition 4.15. Suppose d < 3 and §) is bounded with C?-boundary. Then
D(—Ap) C C(2), and there exists a constant ¢ > 0 such that

sup |f(z)| < c|fl_a, forall feD(-Ap).
zeQ

Proof. By the previous proposition, D(—=Ap) C H?(2). Now use Proposi-
tion 4.6 along with the fact that the graph norm of —Ap is equivalent to the
H?(2)-norm, which again follows from the previous proposition. O

This implies in particular that the Dirichlet eigenvectors are continuous for
d < 3, which in the case d = 2 is vital for their physical interpretation as the
standing waves of a vibrating drum shaped like (2.

4.3 The Green’s function of the Dirichlet Laplacian

From now on we assume d € {2,3} and that Q is bounded, connected, and has
C*-boundary. Let

(2.7) Lnjz—y/™' ifd=2,
s(z,y) = 2 .
Y (‘)—13|:z:—y|_1 if d=3,

where wy is the surface measure of the unit sphere in R?. We use the shorthand
sy = s(-,y). We have

Ti —Yi

|z =yl

0 1oy =
axi =
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and thus 5 )
e — g — T (e
o Sy wq ‘x y‘ (xz yZ)

which gives
1 _
Visy = ——lz —y| "z —y)
Wd

and )
|Vasyl = —|z — y\lfd. (35)
wd

Lemma 4.16. Let y € Q. Then s, € L*(Q), but s, ¢ H' ().

Proof. We may without loss of generality assume y = 0. Since sg is smooth
outside of the origin, it suffices to show that

/ |so|? dx < +oo and / |V.80|% dz = 400,
B. B

where B, € > 0 is the open ball of radius € centered at the origin, and ¢ is small
enough that B, C Q. Let

Inr—! ifd=2
= T > 0.
J(r) {7"1 ifa=3 7

By integrating in polar (hyperspherical) coordinates (see, e.g., [10, Appendix C,
Theorem 4]),

1 [ 1 [
/ |so|? dx = —2/ rd=1 f(r)? dodr = —/ f(r)2rd=tdr.
B, wq Jo 9B wa Jo

Since f(r)r?~! can be continuously extended to r = 0, we see that the rightmost
integral is finite. Thus sy € L?(Q2). Next, by (35) and polar coordinates,

1 ¢ _ 1 ¢
/ |Vsy|? do = — rd=t r> 2 dodr = — | r1=4dar.
B. wWq Jo 9B Wd Jo

The rightmost integral is divergent, and hence sq ¢ H' (). O

Let z € C and y € R A fundamental solution of the linear partial differen-
tial expression —A—z is a distribution F acting on R? such that (—A—2)E = §,
in the sense of distributional derivatives. Since —A — z has constant coefficients,
such solutions always exist by the Malgrange-Ehrenpreis theorem [26]. Letting
E' .= E | C§°(2), we obtain a distribution E’ on Q such that (—A —2)E" = §,.
In what follows we will only be concerned with real z such that z < A;(£2), so
we will use A instead of z to be consistent with our notation in Section 3. It
turns out that in this case, B/ = T} for some unique g € L?(£2). We shall now
explain how to construct this g.

The following two definitions are equivalent to the one in [4, Section 1.1],
but the reader should be aware of three things: Firstly, some authors define h*
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such that it differs in sign from ours, in which case one should take g; =8y — hi
instead of (37). Secondly, the name “relative Green’s function” does not seem
to be standard, and often hg is not given any name at all; nevertheless, “relative
Green’s function” is how the authors of [24] refer to h*, so we have chosen our
terminology to agree with theirs. Thirdly, ¢* is sometimes defined in such a
way that h* appears only implicitly in the definition and is not introduced in
a stand-alone way, but as we will later see h* has an important role to play in
this thesis and as such deserves its own name and notation.

Definition 4.17. Let A < A(Q), y € Q, and let h) € H*(Q) be the unique
weak solution to the boundary value problem

{(A — MR =Xs, on Q, (36)

h; = —5y on Of.

The function h*(z,y) := hy(z) is called the relative Green’s function of —A—X
with respect to €.

It is known that h* can be extended continuously to Q x Q [4, Section 1.1].

Definition 4.18. Let A < A1(Q), y € , and let
gy = sy + h}. (37)

The function g*(z,y) := g, (z) is called the Green’s function of —A — X with
respect to Q.

It follows immediately from (37) that ¢g*(x,-) € C(Q\ {z}) N L?(Q2) and
g, y) € C(Q\ {y}) N L3() for all z,y € Q, and moreover g; = 0 on I due
to the boundary condition in (36). Note however that Proposition 4.15 implies
gé‘ ¢ D(—Ap) due to the the discontinuity at y.

We set out to find g € L?(€2) such that E’ = Tj,. As the next theorem shows,
g;‘ is exactly this g. (This implies that gé‘ is not even in D(Lmax), because if it
were, then &, would be of the form T for some f € L?(), which is not true
according to Lemma 4.3.) The result itself is stated as fact (but without being
called a “theorem”) in [4, Section 1.1].

Theorem 4.19. (—=A — N)T» = 0§, in the sense of distributions.

As a consequence, we obtain that the Green’s functions are linearly inde-
pendent:

Corollary 4.20. {g;‘ :y € O} is a linearly independent set in L*(Q).

Proof. Any linear combination of the Green’s functions will, after applying the
distributional derivative —A — A\ and using the theorem, result in a linear com-
bination of some elements of {0, : © € Q}. If the former linear combination
is equal to zero, then the latter is too, and then Lemma 4.2 implies that the
coefficients must all be zero. O
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For our purposes, the most important aspect of the Green’s function is the
fact that for each A < A{(f2), the resolvent (—Ap — \)~! is an integral operator
having the Green’s function as integral kernel. Before giving a formal proof we
shall first attempt to convince the reader of the validity of this statement. To
this end, let f € L?(Q2) and

h(zx) ::/gA(w,y)f(y) dy forall z€Q.
Q
The Cauchy-Schwarz inequality and (37) implies

()] < [|g* ()| 1]
< [|BA G, AN+ s, N IA
QAP oo IF1+ Nisoll o ggay 11

so h is bounded and hence in L?(Q). Letting ¢ € C5°(Q) and ¢ := (—A — )¢,
we compute

(A = NTh)p =Ty
= / h(z)y(z) dx
Q

-/ ( | eniw dy) b(2) do
- [ 1) ( [ e dx) dy

= [ty
= Qf(y)((*A*/\)Tg;)sady
- /Qf<y>so<y>dy

=Tyep.

where we have used the Fubini-Tonelli theorem and Theorem 4.19. It follows
that h € D(Lmax) and (Lmax — A)h = f by definition of the maximal operator.
If we also knew that h € Hg(£2), we could then conclude that h € D(—Ap) and

(s =N"Hle) = ho) = [ Pa)f)dy foral 2 e

Instead of showing h € H}(f2), however, we shall take a different approach.

Proposition 4.21. Let A < A\{(Q). Then (—Ap — A)~*! is an integral operator
with kernel g*. In other words,

(~Ap — N f)() = /ﬂ Py ) dy forall feIXQ), x el
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Proof. Let us first note that Proposition 4.15 implies (—Ap — )~ f € C() for
each f € L2(Q2), meaning ((—Ap — A)~1f)(x) is a well-defined complex number

for each € Q. Fix x € Q and let T, : L*(Q2) — C be the linear functional
defined by T, f := ((=Ap —\)"1f)(x). Let f € L3() and g := (—Ap —\)"1f.
Then (—Ap)g = f + Ag. By the inequality (a + b)? < 2a? + 2b? along with the
boundedness of —Ap — X\ we get
I91* &, = llgll* + 11f + Agl®
< llgl* + 211 +22% g
<clr

for some constant C' > 0. According to Proposition 4.15, there also exists a
constant ¢ > 0 such that

Tt < cllgll_a, < eVCIfIl-

Therefore T, is bounded. The Fréchet-Riesz representation theorem (see, e.g.,
[14, Theorem 6.2.4]) now furnishes a unique u, € L?(Q2) such that T, f = (f, u,)
for all f € L?(Q2). This provides us with our integral kernel, so we only have to
show that 7, = g*(z,-) in the sense of L2-functions.

Let ¢ € C§°(Q) and ¢ := (—Ap —A)~Lyp. This necessitates that ¢ € C*°(Q)
by [10, Section 6.3, Theorem 6]; in particular, v is a classical (read: at least in
C?(Q)) solution to the Dirichlet boundary value problem

(A=Y =y on {,
Y =0 on 0N

It follows by the discussion in [4, Section 1.1] that ¢ has the representation

P(x) = / gz, y)e(y)dy for all z€Q,
Q
while on the other hand

B() = (—Ap — N)9)(x) = Tap = (, ) = /Q w@)ey) dy,

and hence Lemma 4.1 implies that @, = ¢g*(z,-) in the sense of L?-functions.
O
Proposition 4.22. Let A < A\1(Q) and z,y € Q, v #y. Then
(i) g*(z,y) > 0;
(ii) g (2,y) = g*(y, 2);
(iii) X+ g*(x,y) is monotonically increasing on (—oo, A1(Q)).

Proof.
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(i) This is stated in [24, Proposition 2.5(iii)].

(ii) Since (—Ap — A)~! is a self-adjoint integral operator, [31, Theorem 6.19]
implies that (—Ap—A)~! has (z,y) — ¢*(y,z) = ¢*(y, ) as kernel, where
the last equality follows from (i). This necessitates g*(z,y) = g™ (y, z) a.e.
on 2 x Q, which by continuity of the Green’s function must therefore hold
forall z,y € Q, x # y.

(iii) This is a consequence of (i) and [4, Section 1.2, Assertion (B)].

As an immediate consequence of this proposition and (37), we have
Corollary 4.23. Let A < A\1(Q) and z,y € Q. Then
(i) g* (@, y) € R;
(ii) gMz,y) = gy, z);
(iii) A+ g*(x,y) is monotonically increasing on (—oo, A1 (Q2)).
The following two identities will play an important role in the next section.
Proposition 4.24. Let A\, u < M\ (Q) and x,y € Q. Then
(i) gt = (=Ap — A\ (—=Ap —p)tgy;
(it) W (x,y) — hM(x,y) = (b= A){gk, 97)-
Proof. By writing —Ap — A= (—Ap — ) + (u — A), we see that
(~Ap — N)(~Ap — p) =T+ (10— N(~Ap — ).
Hence (i) is equivalent to
g — gy = (=Ap — ) ((n—Ngy).

On the other hand, G := (=Ap — p)~!((1 — A)g,) is the unique weak solution
to the boundary value problem

(~A =G =(u—Ngy on
G=0 on ON.

It therefore suffices to show that G’ := gl — g;‘ solves this problem. The bound-
ary condition is clearly correct, as gl = g; =0on 0Q. By (37), G' = hly — hz//\'
By (36), (—A — p)hi; = psy. As for the other relative Green’s function, we use
the same trick as above and write

(~A =) = (=B = X) + (A= )k = Asy + (A~ k).
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Hence

(A = )G = psy — Asy + (= Nhy = (n—N)(hy — s,) = (n— N)g,

where the last equality is by (37). This proves (i). As for (ii), we use Proposi-
tion 4.21 to evaluate

G(x) = (n— N ((=Ap — ) g)) (@) = (1 — N){gy, g% = (n — \){g¥. g7)

where we in the last equality used that the Green’s functions are real-valued.
As for the left-hand side, G(z) = hij(z) — h;‘(x) = h*(z,y) — h*(z,y). This
completes the proof. O

4.4 Construction of the Hamiltonian

In what follows, let X be a fixed, finite and nonempty subset of 2. We know by
Proposition 4.15 that f(z) is a well-defined complex number for all f € D(—Ap)
and x € €, so we can define an operator H by restricting —Ap to the domain

D(H)={f € D(-Ap): f(z) =0 for all z € X}.
For any A\ € C, we write Ny := N(H* — \).

Proposition 4.25. H is a densely defined lower semibounded closed operator
with Friedrichs extension —Ap.

Proof. Symmetry and lower semiboundedness follows immediately from being
a restriction of the self-adjoint, lower semibounded operator —Ap.

As for the density, note that D(H) contains the set (32), so by taking & = 0 in
Lemma 4.8 we find that D(H) is dense in H{(£2). Since the latter is by definition
the closure of C§°(2) in L?(£2) and thus equal to L?(2) by Lemma 4.1, we obtain
the density of D(H) in L?(Q).

To show that H is closed, we must show that (D(H),||-||4) is a Banach
space. Let {f,} be a Cauchy sequence in (D(H), ||-||;). Since the graph norm
of H is a restriction of the graph norm of —Ap, and (D(=Ap), [|-[|_5,) is a
Banach space, we see that f, converges in ||-||_,  -norm to some f € D(=Ap).
Let © € X. Then, by Proposition 4.15, there exists ¢ > 0 such that

lf(@)| = [f(z) = fu(@)| <cllf = full_n, forall neN.

Letting n — oo gives f(x) = 0, and since © € X was arbitrary, f € D(H).
Therefore {f,} has a |-|| ;-limit in D(H), and H is a closed operator.

In view of Lemma 2.14, Definition 4.12, and (34), we have Hp = —Ap if
and only if D(H) is dense in (H} (1), [l z71())- Let k = 1. Since D(H) contains
the set (32), we see that in the case d = 3 the inequality 2k + 1 < d holds and
thus the density follows by Lemma 4.8. This argument does not work when
d = 2, so for the general case we instead refer to [24, Section 3] where it is
stated that “[—Ap], obviously a self-adjoint extension of [H], is precisely the
Friedrichs extension of [H].” O
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Theorem 4.26. Let A < A\1(2). Then {g} : z € X} is a basis of Ny.

Proof. A < X\1(2) implies A € p(—Ap), so —Ap — A is a bijection of D(—Ap)
onto L?(Q). Moreover, H — )\ is a restriction of —Ap — A, and therefore a
bijection of D(H) onto R(H — ) whose inverse is a restriction of (—Ap — )71
Hence (—Ap — A)~! maps R(H — \) bijectively onto D(H). This implies
R(H - X ={feL*Q):(-Ap—X\)""feD(H)}
={feL*Q):((-Ap =N f)(z) =0 for all z € X}
={feL?Q):(f,g)) =0forall z € X}
= (span{g) : x € X})*

where we have used Proposition 4.21 in the third equality. Taking orthogonal
complements of both sides and using the fact that finite-dimensional subspaces
are closed yields

span{gl) :z € X} =R(H - \)* =N(H* = )\) = Ny.

The linear independence of the Green’s functions was shown in Corollary 4.20,
and since they span N, they are therefore a basis. O

Henceforth, let m = | X| denote the cardinality of X.
Corollary 4.27. The defect indices of H are (m,m).
Proof. The above theorem implies dim(A,) = m. Now use Proposition 2.10. [

Let us now assume that we have chosen some fixed but otherwise arbitrary
enumeration {x1,Zs,...,Z,} = X. For each A < A1(Q), define a corresponding
ordered basis Gy of Ny by ordering the Green’s functions in the obvious way:

A A A A
Gx:= (915 ,9m) = Gz, -+ 92, )-

Let G :={Gx : A < A1(©)} and recall the terminology of Section 3.5.
Proposition 4.28. G is a gamma family for (H,—Ap) on (—oo, A1(Q)).

Proof. Let A, < A1(2). Since —Ap is a self-adjoint extension of the densely
defined symmetric operator H we can construct a designated boundary triplet
(H*,T'3,T9) for H* as in Section 3.2. This boundary triplet furnishes an as-
sociated gamma field vy : p(—Ap) — B(Na, L2(2)) which Proposition 3.13(i)
asserts has the form

(2) = (=Ap =N (=Ap —2)"! forall z¢€ p(—Ap).
Proposition 4.24(i) is then equivalent to the statement
gy =gy forall A p<A(Q),ye
and this statement implies G,, = ()G in the sense of (20). In other words,

G, and G, are gamma compatible. ]
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We next define two real symmetric m x m matrices: Let G(\) := ((g, g])‘>)”
and let H(\) be the matrix with entries

WMz, @) if i =7,
gMziyxy) if i # j.

H(\);; = {

Recall the terminology of Section 3.6.
Proposition 4.29. H()) is a Weyl primitive for G.

Proof. H(A) is real and symmetric and therefore Hermitian. We must show
that M(u, A) = H(u) — H(A) for all A\, u < A\1(92). By Lemma 3.31 and Propo-
sition 4.24(ii) we have, for all 4,5 =1,...,m,

M(p, A)ij = ef M(p, Nej = (= A)(gf, 97) = (), ) — B (2, ;)

where e; := (614,02i,...,0mi)7. This takes care of the diagonal. For the non-
diagonal elements we only have to note that (37) implies h*(x,y) — h M (z,y) =
g*(z,y) — g*(x,y) for all z,y € Q, x # y and use the symmetry of g*. O

In summary, we have proved
Theorem 4.30. (H,G,H) is an admissible operator.

Corollary 4.31. A\ — H()\) is strictly increasing, analytic with derivative
H'(\) = G()\), and

klirn u?H(\u= 00 forall ueC\J{0}.

——00

Proof. This is Proposition 3.41 applied to the particular Weyl primitive H. The

last assertion holds because H is a Weyl primitive for G, which is a gamma family

for (H,—Ap), and —Ap is the Friedrichs extension of H by Proposition 4.25.
O

It might seem strange to use H(\) as Weyl primitive when the matrix
(h*(4,7;))i; would also work. However, the former Weyl primitive makes pos-
sible a physical interpretation of the self-adjoint extensions of H generated by
Theorem 3.43(i) in the special case that B is diagonal. For this, let us use the
shorthand

Ha = Hdiag(al

..... am) for a= (alv"-vohn) e R™.

Proposition 4.32. Let u € D(H,), a € R™. Then there exist ¢; € C such that
foreachi=1,2,...,m,

u(z) = (s(z,z;) + a)ei +o(l) as z — ;. (38)
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Proof. Let A < A1(©2) and C := B — H(\). Recall that H is closed by Proposi-
tion 4.25. By Theorem 3.43(i) there exist f € D(H), u € C™ such that

u=f+(—Ap —A)Cruy + u,.

The first two terms are continuous functions on §2 by Proposition 4.15. More-
over, f(x;) = 0. Thus

u(z) = ((—AD —A)Chuy)(z;) +ur(z) +0o(1) as z— ;.
Let e; = (814,...,0mi)T. We compute

((—AD — )\)C)\U)\) (Ii) = <C>\u>\,g;\1>
= (Chuy, (€i)r)

=e!Cu
=D Gy
J
= o;u; — ZH()‘)UUJ
J
Next we consider the term uy(z). As 2 +— h*(x, z;) is continuous on €2, we have
g () = sz, 2;) + M x,2) = sz, ) + HN)is +o(1) as z — ;.
Moreover, as g} (x) = g*(x,2;) is continuous on Q\ {z;}, we have for all j # i,
gj’\(a:) =H(\);; +o(l) as z— x;.

Thus

NOEDII

= s(z,z;)u; + ZH()\)ijuj +o(l) as x— z;.
J

In summary,
u(z) = (s(z, ;) + a)u; +o(1) as = — xy,
so the assertion holds with ¢; =u;, i =1,2,...,m. O

A careful read of [8, Section III] makes clear that in the case d = 3, our
extension H,, is exactly equal to their extension H(®%:3)ii (%) Since the latter
extensions constitute what the authors of [8] call “the most general extension[s]
of the local kind,” or, in their introduction, “point interaction operators in [a]
bounded domain,” we will borrow some of this terminology and say:

Definition 4.33. H, is called a point-interaction Hamiltonian in €.
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4.5 Spectral properties of the Hamiltonian
Proposition 4.34. H_, has a purely discrete spectrum for all « € R™.

Proof. Recall that to have a purely discrete spectrum means to have an empty
essential spectrum. H is a closed symmetric operator in a complex Hilbert
space with equal finite defect indices, so by [31, Theorem 8.18] all self-adjoint
extensions of H have the same essential spectrum. Since —Ap is a self-adjoint
extension of H, and —Ap has a purely discrete spectrum by Proposition 4.13,
we conclude that H,_ also has a purely discrete spectrum. O

In view of the above proposition, we will switch to the notation
M(Q, X, ) =m(H,) for acR™

This reflects the fact that, similarly to the Dirichlet Laplacian, the greatest
lower bound of H,, is equal to the principal eigenvalue. Including the explicit
dependence on 2 and X will also be convenient when we later let 2 and X vary.

Proposition 4.35. A\ (Q, X, a) < A1 () for all a € R™.

Proof. Let f be an eigenfunction of —Ap corresponding to the smallest eigen-
value A1 (). As is explained in [18, Section 1.3.3], we can choose f nonnegative
on . Since the Green’s function ¢* is positive on Q x Q and f # 0, we have
(f,g2) > 0 for any € X. Now the assertion follows from Proposition 3.4. []

Fix a € R™. According to Theorem 3.44, the value and eigenspace of
A1(Q, X, «) is controlled by the function

F(a,\) := Anax(H(A) — diag(a)) for A < A1(Q). (39)
More specifically, we have A = A1 (€, X, ) if and only if F(a, ) =0, and then
N(H, = A) ={ux :u e N(H(}) — diag(a))} (40)

where

m
L 2 : A
uy = u;g; -
i=1

Proposition 4.36. F(a, ) is a simple eigenvalue of H(A\) — diag(«), and the
corresponding eigenvector is positive, i.e., each entry is positive.

Proof. Choose 7 € R such that

in (hMz:. 1) — v .

1;I}lgnm( (ziyxi) —a;)+7>0
Then all the diagonal entries of H(\) — diag(«) + 71 are positive. Since Proposi-
tion 4.22(i) furthermore implies that all the off-diagonal entries also are positive,
H()\) —diag(«) + 71 is a positive matrix (i.e., all entries are positive). It follows
by the Perron-Frobenius theorem (see, e.g., [7, Theorem 2.1.4]) that the largest
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eigenvalue of H(\) — diag(a) 4+ 7I is simple and the corresponding eigenvector
can be chosen to have all entries positive. Then, since adding the factor 71 to
H()\) — diag(«) only translates the spectrum of the latter and moreover does
not affect the eigenvectors, the assertion follows. ]

Lemma 4.37. Let A\(t), q(t), and A(t) be differentiable families of scalars,
unit vectors, and symmetric matrices, respectively. If A(t)q(t) = A(t)q(t), then
N (t) = qt) A/ (t)q(t)-

Proof. We compute

N (1) —at)"A'(Ha(t) = d' ()T Ab)a(t) + a(t) At)d (1)
= A®)d'(H)"aq(t) + Mt)at)"q'(t)

= A0 (alt)"a()

= A0S ()

=0.

Proposition 4.38. F(a, ) is analytic separately in each argument, and

oF 2
oy = [l

oA

oF
80@

= —|w> foral i=1,2,...,m,

where u is the normalized eigenvector corresponding to F(a, ). In particular,
F(ay ) is strictly increasing in A and strictly decreasing in each «;.

Proof. Since H(\) —diag(«) is an analytic family of Hermitian matrices, both in
A (by Corollary 4.31) and in each «; (obvious), we have by [22, Section II, Theo-
rem 6.1] that F(a, ) is analytic separately in each argument. Moreover, by [22,
Section 11§6.2], we can choose a family of orthonormal eigenbases such that each
eigenvector is analytic in any individual argument of our choice. In particular,
the normalized maximal eigenvector u = u(w, \) can be chosen analytic with
respect to any one of the individual arguments A, aq, ..., Q. Now

0
8041»

%(H(/\) — diag(@)) = G()), (H(}) — diag(a)) = —diag(d1i, .-, 6mi),

where the first partial derivative follows from by Corollary 4.31 and the second
is obvious. Hence, by Lemma 4.37,

oF _
ox

F
u?G(\u = |Juy|?, % = —u'? diag (614, ..., 0mi)u = —|uy|?.
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Theorem 4.39. Let A := M\ (2, X,a). Then A is a simple eigenvalue of H,
with corresponding eigenfunction uy, where u is the unique positive solution to

H(\)u = diag(a)u.
Furthermore, each map o; — A1(Q, X, ) is analytic with derivative

9 |uy|?
QX =
aai)\l( ’ aa)

2
[, |
and hence strictly increasing.

Proof. The first few assertions follow from Proposition 4.36 and (40). Since
A(ag) = A(,X,a) (all other «; held constant) is the unique solution of
F(a,A) = 0, we have by the analytic implicit function theorem in one variable
that A1 (a;) is analytic, and, assuming u is normalized,

d OF\ ' oF  |u?
804/\1(6”) - <a)\) &k

where we have used Proposition 4.38. If u is not normalized, then we may first
multiply u by a constant so that it becomes normalized, but note that this
does not change the above derivative, as the constant is cancelled out in the
fraction. O

dai  uy,

Proposition 4.40. With notation as in Theorem 4.39, let u = (uy,...,Up).
The eigenfunction uy has the alternative representation uy = f + ug, where

w =Y wig) € N,
fi=Y wihy, —h,) € Hy(2) N C(Q).

If in addition X\ > 0 (resp. A <0), then f >0 (f <0).

Proof. Taking A = 0 in Theorem 3.43(ii), we see that uy € D(H,) C D[H,] =
D[-Ap] + Ny = HY(Q) + span{g? : i = 1,...,m}. Thus there exist unique
[ € H}(R2) and v € C™ such that uy = f +vo. Since uy and vq are continuous
except on X, we see that f = uy —vq is also continuous except possibly at some
points in X. In view of (37), we have

uy(z) = w;sy, () +Ci+0o(l) as = —
for some constant C; € R, and similarly

vo(x) = visg; () + D; +0(1) as z—x;
for some constant D; € R. Hence

flx) = (u; — vi)sg, () + Ci — D +o(1) as x — ;.
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We have f € H}(f), but also s,, ¢ H'(Q) by Lemma 4.16, so it is necessary
that u; = v; for all . Therefore uy = f 4+ ug, and

f=ux—u = Zui(g{\ - 9) = Zui(hii - hgi)-

The last assertion follows from this expression for f along with the fact that
A = h} (y) is monotonously increasing for each y € Q by Corollary 4.23. O

With ©Q and X = {z1,...,2zmn} as before, suppose now that we add a new
distinct point x,,4+1 € Q to our set X, yielding a larger set X’ = X U {zy41}-
We may then assign a new interaction strength parameter at z,,+1 and corre-
spondingly use a larger tuple o/ = (&, appy1) € R™H! of parameters. The next
theorem generalizes Proposition 4.35.

Theorem 4.41. A\ (Q, X', /) < M\ (Q, X, ) for all &/ = (o, pmy1) € R™HL

Proof. Let H()) denote the Weyl primitive before adding the point, and let
H; (\) denote the Weyl primitive after adding the point. Then H(\) — diag(«)
is the leading principal submatrix of order m of the (m+1) x (m+ 1) Hermitian
matrix H; (A) — diag(a’). Therefore, by the Cauchy interlace theorem (see, e.g.,
[20, Theorem 1]),

Amax (H(X) — diag(a)) < Amax(H1 () — diag(a)).
In the notation of (39),
F(a, \) < Fi(d,N).

Suppose now that we have equality: Then F(a, A) = Fy (o, \) is a simple eigen-
value of both H(A) — diag(«) and H;(X) — diag(’). By [20, Theorem 2], it is
then necessary that the vector

(g)\(x17$7”+1)7 e 7gA(ITﬂamm+1))T

is orthogonal to the eigenfunction of H(A) —diag(«) corresponding to the eigen-
value F'(«, \). But both these vectors have all entries positive, so this cannot
happen. Therefore

Fla,\) < Fi(d,N).

Inserting A = A1 (Q, X', ) yields
Fla,\(Q,X',a)) < 0.
Since A — F(a, \) is strictly increasing (Proposition 4.38) and A1 (92, X, «) is

the unique solution of F(a,\) = 0, we must therefore have A\;(Q, X', o/) <
A(Q, X, Q). O
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5 Faber-Krahn-type inequalities

Let @ ¢ R% d > 1 be open and bounded. Consider the following variational
problem: Assuming that Q has fixed volume, choose €2 so as to minimize the
principal eigenvalue of the Dirichlet Laplacian in © (recall Proposition 4.13).
As explained in the introduction, this problem is solved by the Faber-Krahn
inequality: With standard notation for the principal eigenvalues, we have

Theorem 5.1 ([18, Theorem 3.2.1]). Let B C R? be an open ball with the same
volume (Lebesgue measure) as Q. Then

A1(B) < A1(9Q). (41)

It obviously follows that the solution to the variational problem is 2 = B.
Our goal in the remaining few sections is to derive similar variational inequalities
for point-interaction Hamiltonians in bounded domains, but we shall begin with
a general operator-theoretic result.

5.1 The abstract case with defect indices (1,1)

Henceforth, assume d € {2,3} and that Q C R? is open, bounded, and connected
with C*°-boundary. Recall the Faber-Krahn-type inequality (6), proven in [24];
in our notation, this inequality takes on the appearance

M (B, {0}, ) <\ (Q,{z},a) forall ze€Q,ack (42)

One of the key insights of [24] was that this inequality follows essentially from a
different inequality, namely Bandle’s inequality for the relative Green’s functions
with respect to 2 and B. In the authors’ own words:

“Tt is admittedly remarkable that the estimate [...] involving Green functions
of Dirichlet Laplacians, is so intimately connected with the spectral theory of
the Hamiltonian with a point interaction in bounded domain.”

As we now show, this connection generalizes all the way to arbitrary densely de-
fined lower semibounded operators with defect indices (1,1). When attempting
this generalization we immediately face two fundamental issues: First, we need
a canonical way of parametrizing the self-adjoint extensions of the operators us-
ing real numbers, and second, we need to formulate an appropriate “abstract”
Bandle’s inequality for the operators. Both of these issues are solved by our
theory of admissible operators. First, however, we need a lemma:

Lemma 5.2. Fori = 1,2 let a; € R and let f; : (—00,a;) — R be a strictly
increasing bijection. Then the following are equivalent:

(i) a1 < ag and f1(z) > fo(x) for allx < aq;

(i) fri(y) < f3 ' (y) for ally € R.
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We emphasize that f; and f> need to be bijections for this lemma to hold.

Proof. First suppose (i) holds. Let y € R and x; := f; '(y), 4 = 1,2. Then
1 < a1 < ag, and fo(x1) < fi(x1) =y = fa(x2). Since fo is strictly increasing,
this implies #; < xo. That is, f; ' (y) < f, *(y). Now suppose (ii) holds. Since
fi, i = 1,2 are strictly increasing bijections, f;l ‘R = (—00,a;), 1 = 1,2 are
strictly increasing bijections. Hence

—h -1 . —1
ap= lim f (y) < i f (y) = as.
Let z < a;. Then z < az also, so we may let y; := f;(z), i = 1,2. It follows

that f; ' (y1) = = = fy "(y2) > f; '(y2). Since f; ! is strictly increasing, this
implies y; > yo. That is, fi(x) > fo(x). O

Recall the notation and results in Section 3.7. In the next theorem, the
inequality m(T7) < m(7%) takes the role of the Faber-Krahn inequality (41), the
inequality between the Weyl primitives takes the role of Bandle’s inequality (see
the next section), and the inequality in (ii) takes the role of the Faber-Krahn-
type inequality (42).

Theorem 5.3. For i = 1,2, let (T;,E;, (w;)) be an admissible operator such
that T; has defect indices (1,1) and m((T;),) < m(T;) for all « € R. Then the
following are equivalent:

(i) m(Ty) < m(Ts) and wi(A) > wa(A) for all A < m(Th);
(it) m((T1),) < m((Ts),) for alla € R.

Proof. For i = 1,2, our hypothesis together with Lemma 3.47 implies that the
map w; : (—oo,m(7;)) — R is a strictly increasing bijection, while Proposi-
tion 3.45 asserts that o — m((7}),,) is the inverse of w;. We therefore only have
to take a; = m(T;) and f; = w; in the above lemma. O

Note that the two operators T;, i = 1,2 in the theorem need not be defined
in the same Hilbert space.

5.2 The one-point case for the Hamiltonian

As mentioned earlier, the relative Green’s functions with respect to the domains
Q and B are related by Bandle’s inequality:

Proposition 5.4. h(z,z) < h}(0,0) for all A < A\ (B), x € Q

The following proof has been adapted from that of [24, Proposition 2.6(iv)].
We have included it for the sake of completeness as it is not present in [4].

Proof. Let B(r) denote the open ball centered at the origin with radius r > 0.
Let R be the radius of the open ball B. By [4, Lemma 2.3], there exists a unique
R’ < R such that h%(R,)(O, 0) = hy(z, ). As is stated in the proof of the same
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lemma, the map r hg(r)((), 0) is monotone increasing in the interval where
gg(r)(-,O) is positive. In our case this interval is the whole positive real line,
and since R’ < R, we conclude that h}(z,z) = h%(R,)(Oﬁ) < hg(R)(O,O) =
h%(0,0). O

We can now recover the Faber-Krahn-type inequality (42) using only our
operator-theoretic result from the previous section along with the Faber-Krahn
and Bandle inequalities.

Theorem 5.5. A\(B,{0},a) < A\ (Q,{z},a) forallz € Q, a €R.

Proof. Theorem 4.30 furnishes two admissible operators (H;, G;,H;), i = 1,2,
where (Hy,Gy,H;y) is constructed from the pair (B, {0}) and (Hs,Ga, H) is
constructed from the pair (Q,{0}). For ¢ = 1,2, the operator H; has defect
indices (1,1) by Corollary 4.27, while Proposition 4.35 merely expresses that
m((H;),) < m(H;) for all & € R but in a different notation. Thus all hypotheses
of Theorem 5.3 are satisfied. The Faber-Krahn inequality (Theorem 5.1) is
formulated in terms of the principal eigenvalues of the Dirichlet Laplacians
—AB and —A$, but these operators are exactly the Friedrichs extensions of the
operators Hy and Ha, respectively (Proposition 4.25). Hence the Faber-Krahn
inequality is equivalent to the inequality m(H;) < m(Hz). The Weyl primitives
of the two admissible operators are H; (\) = (h%(0,0)) and Ha(\) = (h(z, z)).
It follows from Bandle’s inequality (Proposition 5.4) that Theorem 5.3(i) holds,
and therefore (ii), which is exactly the assertion, must also be true. O

5.3 The multi-point case for the Hamiltonian

Let X = {z1,29,...,2Zm} be a finite nonempty subset of Q. In this section we
attempt to generalize Theorem 5.5 to the multi-point case. More specifically,
we search for a function f,, : R”™ — R such that

M (B, {0}, fi(@)) < M(2, X, ) forall aeR™. (43)

The most natural suggestion might be f,,(a) = @1 + - - - + ayy, but this function
is forbidden straight away by the next lemma.

Lemma 5.6. Assumem > 2. If f,, satisfies (43), then f,,(«) does not approach
infinity as a; — oo for anyi=1,2,...,m.

Proof. Fix i and suppose for the sake of contradiction that

lim fp,(a) = 0.
Qi —00

Corollary 3.46 implies that 8 — A (B, {0}, ) is a strictly increasing bijection
of R onto (—o0, A\1(B)), and consequently

Jim (B0}, f(0)) = A(B),
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which by (43) implies that for any choice of a; € R, j € {1,...,m}\ {i},

lim )\1(Q,X, Ol) > Al(B)

Q;—>00
Moreover, successive applications of Theorem 4.41 implies that for each j,
)\1(97 X, Ck) < )\1(9, {$j}7 Oéj).

It follows that A1 (B) < A (Q, {z;}, ;) for all a; € R, j # 4, but this contradicts
the fact that a; — A1 (Q, {z;}, a;) is a bijection of onto (—oo, A1(€2)) and must
assume values strictly below A;(B) for some choices of «;. O

When taking Lemma 5.6 into consideration, the second most natural sug-
gestion might be f,,(a) = min; ;. As Theorem 5.8 shows, this guess is almost
correct except for a missing term inside the minimum.

Before proceeding we need another lemma. For each A < (), let g* be
the Green’s function of —A — X with respect to €2 and let

G? ::ZgA(wi,Ij) for i=1,2,...,m. (44)
J#i
Recall also the shorthand (39).

Lemma 5.7. For all « € R™ and A < A\ (),

min {h*(2;,2;) — o — G} } < Fa, \) < max {h*(2;,2;) —o; + G}}. (45)

Proof. Let a; := h*(x;,2;) — a; be the diagonal elements of H(\) — diag(a).
Note that G? is the sum of the absolute values of the nondiagonal elements of
row ¢ of H(A) — diag(a). It follows by the Gershgorin circle theorem that each
eigenvalue of H(\) — diag(«) must lie within at least one of the m intervals
[ai — G2, a; + G}]. Since F(a,\) is defined as the maximal eigenvalue, it must
must be less than or equal to the largest of the upper endpoints a; + G7, which
gives the upper bound. The lower bound is derived similarly. O

Without further ado we now state our Faber-Krahn-type inequality for multi-
point interaction Hamiltonians, which to our knowledge is a novel result.

Theorem 5.8. We have

Ai(B, {0}, min{a; — GPY) < (9, X, ) (46)

for all € R™ such that M\ (2, X, «) <0.

Proof. Let 8 := min;{a; —GY} and A < 0. Let us also supplement our shorthand
(39) with the domain € and set X by writing Fo x (o, A) in order to show the
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explicit dependence on these; then
Fo,x (o, \) < max {h(z;,2;) — i + G}'}
< max {h?}(wi, x;) — o + G?} (47)

< h(0,0) - B
= Fp10y(B, )

where we have used (in order) Lemma 5.7, Proposition 4.22(iii), Bandle’s in-
equality (Proposition 5.4), and (39) along with the fact that the maximal eigen-
value of a 1 x 1-matrix is equal to its only component. Taking A = A;(Q, X, «)
therefore yields

0< FB,{O} (ﬁv )‘1(9’ X, a))

Now we may argue as in the proof of Theorem 4.41: Since A — Fg 10}(53, ) is
strictly increasing (Proposition 4.38) and A; (B, {0}, 8) is the unique solution of
Fp 10y(B,A) = 0, the above inequality implies A1 (B, {0}, 3) < A\1(©, X, ). [

When comparing Theorem 5.5 and Theorem 5.8, we see that the latter con-
tains an additional term GY that does not appear in the former, and which
moreover depends on both Q and X through the Green’s functions in its defi-
nition (45). In dimension three we have the following bounds for this term:

Proposition 5.9. Suppose d = 3. Then there exist positive constants K1, Ko
only dependent on the domain Q such that

G < Ki(m—1)) |a; —ay| ™"
J#i

and, for any i,j such that |x; — x;| < %dist(xj,aﬂ),
G? > K2|$i — 1’j|71.

Proof. By [17, Theorem 1.2.5] there exists a constant K7 > 0 only dependent
on Q such that ¢°(z,y) < Kglz —y|™! for all z,y € Q, x # y, which together
with (44) yields the first inequality. The second constant and inequality follows
similarly by [17, Theorem 1.2.5]. O

Thus we see that GV explodes as any pair of points in X approach each other,
at least in dimension three. (The author could not find a similar inequality for
the case d = 2 and bounded domains.) Since the map 8 — A(B,{0},0) is
strictly increasing (Theorem 4.39), this implies that the left-hand side of (46)
decreases as any pair of points in X approach each other. This is a phenomenon
that for obvious reasons does not occur in the one-point case.

A re-examination of the proof of Theorem 5.8 makes clear that the term
GY appears as a consequence of the very first inequality in (47) and that any
improvement to the upper bound in Lemma 5.7 leads to a smaller gap in the
inequality (46). The bounds in Lemma 5.7 were derived using the Gershgorin
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circle theorem, which is valid for arbitrary complex matrices, so one might hope
that by using more of the specific structure of H(\), the upper bound could be
improved sufficiently enough for the term G? to vanish. Unfortunately, as the
next proposition shows, there exist certain choices of 2 and X for which the
upper bound in Lemma 5.7 is an equality.

Proposition 5.10. Let Q be an open disc in R? and let x1,29,...,Tm be
equidistributed clockwise or counterclockwise on a circle contained inside and
concentric to Q. Then

F(a,...,a,\) = WMz, x;) — a+ G
foralla e R, A <\ (R),i=1,2,...,m.

Proof. The symmetry of € implies that  — h*(z, x) is radially symmetric and
therefore h*(z;, ;) = hM(x1, 1) for all i = 1,2,...,m. Similarly, due to the
symmetry of 2 and the particular arrangement of the points x1, xs, ..., T, we
see that g*(x;, x;) only depends on the distance between z; and x;. This implies
that for all i,j = 1,2,...,m such that i # j,

9’\(331'7%') = g’\(mi+k (mod m)s Lj+k (mod m)) for all k€ Z.

It follows that H(\) — diag(e,...,«) is a circulant matrix, i.e., for each i =
1,2,...,m—1the (i+1):th row of H(\) —diag(a, ..., ) is obtained by cyclically
permuting the i:th row one position to the right. Consequently u = (1,1,...,1)7
is an eigenvector of H(\) —diag(a, . .., «) with the row sum as its corresponding
eigenvalue. (These sums are all equal since the matrix is circulant.) On the other
hand, Proposition 4.36 implies that u must be the eigenvector corresponding to
F(a, A), which proves the assertion. O

We conclude that for some triplets (2, X, «), the very first inequality in
(47) is actually an equality. Proceeding with Bandle’s inequality is therefore
guaranteed to add a term of the form G} in (46), at least if one finishes the
proof as usual. Of course, there is still the possibility that there exist more
sophisticated inequalities of, say, the form hQ(z;,x;) + G < h}(y,y) + C that
could be used to improve the first inequality and get rid of the extra term in
(46) or possibly replace it with a better one, but at the time of writing the
author is not aware of any such inequalities.

5.4 Failure of the strategy of test functions

Let d, 2, B, X all be as in the previous section. The authors’ of [24] devised
two rather different strategies for proving their Theorem 5.5: The first strategy
is essentially the same as our proof and uses Bandle’s inequality, except that
they derived the necessary preparatory results (e.g. Proposition 3.45) only for
single-point interaction Hamiltonians and by using other methods. (Indeed, our
notion of admissible operators and Theorem 5.3 are direct results of our efforts
to generalize this strategy.) Their second strategy is only sufficient to prove the
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theorem for those @ € R such that A;(2,{0},a) > 0, but it has the virtue of
only requiring Bandle’s inequality at A = 0.

More specifically, their second strategy uses a test function approach along
with the symmetric decreasing rearrangement, a.k.a. the Schwarz rearrange-
ment (see the appendix for details). As our Theorem 5.8 does not have anything
to say about the case A1 (R, X, @) > 0, it was the hope of the author that this
second strategy would generalize to the multi-point case. Though all necessary
preparatory results ([24, Propositions 3.1, 3.2, 4.1]) have natural generalizations
to the multi-point case, it unfortunately seems that the strategy falls just short
of working. However, we believe it is of interest to include this admittedly neg-
ative result, as one of the original goals of this thesis was to see if the methods
of [24] could be extended to the multi-point case.

First we need a lemma. Let g (resp. ¢®) be the Green’s function of —A
with respect to © (resp. with respect to B). As in the appendix, we use (g5})*
to denote the symmetric decreasing rearrangement of g;.

Lemma 5.11. (¢3)* < g& for allz € Q.
Proof. Recall Proposition 4.22(i) and take p = 0 in [4, Theorem 2.2]. O

We now proceed with the strategy. Let a € R™ and 8 := min;{a; — G?}.
Let A := A\1(9, X, ) and assume A > 0. Let uy be as in Theorem 4.39. Since
obviously uy € D(H®Y), we know from the theory in Section 2.7 that

HP X [up] = (HP N uy, wa) = Muy,un) = A[usf2 g, -

Proposition 4.40 enables us to write uy = f + ug for some f € H} () N C(Q)
such that f > 0, and hence

_ HEX(f 4+ )

- . (48)
If+ uOHQL?(Q)

The strategy in [24] was to estimate the numerator and denominator separately,
so we attempt to do the same. Starting with the numerator, we see that taking
A =0 in Theorem 3.43(ii) yields

H X [f +uo] = (—AB)[f] — u” (Ha,x (0) — diag(a))u
> HVfH2L2(Q) — Fo,x(a,0)[uf”
where we have used Definition 4.12(ii) and the fact that

uH(HQ’X(O) — diag(«))
uf?

% < Fox(a,0)

which follows because the left-hand side is a Rayleigh quotient. The Polya-Szego
inequality (Theorem 5.13(iii)) gives

||Vf||izm) > ||Vf*Hiz(B)
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and we can argue as in (47) to derive the inequality
Fo x(,0) < h%(0,0) — 8

but a difference this time around is that we only need to use Bandle’s inequality
at A = 0. By these bounds and another application of Theorem 3.43(ii),

HEX[f + 0] > [V £ 7 () — (h3(0,0) = B)[ul?
= =P O 1 ulgf). (49)

Let us next bound the denominator of (48). We first expand it as

||f+110H2Lz(Q) = (f+ 2w, f+ S wigd) 2 (o)
= flZ2) +2 > wilf, g o) + Y win(g), 95) 12(0)-

ij
(Recall that the u; are positive.) The squared norm in the second line is equal to
||f*||iz(B) by Theorem 5.13(i), while the inner products can be bounded using

the Hardy-Littlewood inequality (Theorem 5.13(ii)) together with Lemma 5.11:
Namely, we have

(f:90)L2) < (F55(95) ) L2y < (%590 ) 2

and
(997 2y < (9575 (98) ) 22m) < (98 98 L2 ()
for all 3,5 = 1,2,...,m. Since each u; is positive we therefore have
2 * 12 *
1f+ w0l Zo) < 1 T2 + 2 ) wilf™,08) 2y + Y w95, 95 ) 12(m)
i ij
N 2

= [IF" + (Cugd o) (50)

We may now combine (48), (49), and (50) to arrive at the inequality

HY O+ Julgf]
A (Zui)g(])g”i?(B)

In the one-point case (m = 1) we have ) .u; = u; = |u|, so we obtain a test
function u := f* + w;g¥ along with an inequality

HP Oy
Al(QaX7a) Z 2 -
[ull2(m)
Corollary 2.8 implies that the the principal eigenvalue of HE’{O} cannot exceed
the right-hand side of the above inequality (hence the name “test function”)
and consequently
>\1(Qv Xa Oé) 2 )\1(37 {O}a ﬂ)
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Here f = min;{a; — G?} = «q, so we have recovered Theorem 5.5 for those
a € R such that A\;(Q, X, a) > 0. However, in the multi-point case (m > 1) we
instead have the strict inequality > ,u; > |u| and therefore

15"+ (el ez > 17+ Mo |12,

which is the opposite estimation compared to what we want. Thus we cannot
take f*+|u|g? as test function and the strategy would appear to fail. (At least,
at the time of writing the author has not found a workaround for this.)

Appendix

Here we present some results which we feel do not fit in the rest of the text.

5.5 Holomorphic operator-valued functions

Let ‘H be a Hilbert space. There are various ways one can define the notion of
a holomorphic operator-valued function with values in B(#), but the natural
ones all turn out to be equivalent:

Proposition 5.12. Let U C C be open, and let T : U — B(H) be an operator-
valued function. The following are equivalent:

(i) T is uniformly holomorphic, meaning there exists T' : U — B(H) such
that for all z € U,

i || £+ w) = T(2) -0
w—0

—T'(2)

(i) T is strongly holomorphic, meaning there exists T' : U — B(H) such that
forallze U, f eH,

i TEH 0 =TC)f

w—0 w

=T'(2)f.

(iti) T is weakly holomorphic, meaning there exists T' : U — B(H) such that
forallze U, f,geH,

LT E)f,9) = (7). 9).

Proof. 1t is immediate that (i) implies (ii) and (ii) implies (iii). The implication
from (iii) to (i) follows from [22, Theorem III.3.12], which is stated for Banach
spaces. O
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5.6 The symmetric decreasing (Schwarz) rearrangement

Let d > 2 be an integer. Given any measurable subset £ C R¢ with finite
Lebesgue measure, its symmetric rearrangement E* is defined as the open ball in
R? centered at the origin with the same Lebesgue measure as E. Let f : R? » R
be a nonnegative measurable function. The measurable subsets

{(f>t):={zeR?: f(x) >t} for t>0

are called the level supersets of f, and we say that f vanishes at infinity if each
level superset has finite Lebesgue measure. Assuming now that f vanishes at
infinity, we define its symmetric decreasing rearrangement as the nonnegative
measurable function f* : R? — R given by

f*(z) = /0 oty (@) dt,

where X (54 (2) denotes the characteristic (indicator) function of {f > ¢}. One
can show that supp f C F implies supp f* C E* [24, Lemma 2.1].

When E is a measurable subset of R? with finite measure and f : E — Ris a
nonnegative measurable function, let f : R? — R be the nonnegative measurable
function defined by

= {f(ac) ifzek,

T) =
/(@) 0 otherwise.

Then f obviously vanishes at infinity since each of its level supersets is contained
in E. In this case the symmetric decreasing rearrangement can be extended to
f by defining f* := (f)*. We have supp f C E, so a previous remark implies
supp f* C E*, and hence the symmetric decreasing arrangement of f : £ — R
can be considered as a function f*: E* — R.

Theorem 5.13 ([24, Corollary 2.3]). Let Q C R? be a bounded domain with
C*>-boundary. Let f,g: Q) — R be nonnegative measurable functions. Then

(i) ||f||L2(Q) = Hf*HLZ(Q*);
(ii) the Hardy-Littlewood inequality holds:

/fgdwé/ frg* du;
Q Q*

(iii) if f € HY(Q), then f* € H}(Q*) and the Polya-Szego inequality holds:
IVFllL2) 2 IVl L2 ey -
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