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Chapter 1

Introduction

Recent progress in mesoscopic physics has allowed production of semiconductor structures which
are small enough to exhibit quantum effects. Their size is comparable with that of atom so that they
are called nanostructures. Considering the trend of decreasing size of components of electronics, it
is expected that these nanostructures will play a key role in the future. Since the semiconductor
materials are of crystallic structure, the motion of particle confined to such structure can be modeled
by a free particle with an effective mass m™* constrained to a spatial region 2. The particle can be
associated with the Hamiltonian 2

H=-—
2m*

in the Hilbert space L?(f2), where h is the reduced Planck constant. Hereafter, we set 2:‘: - = 1.
We refer to [5,15] for more information about the physical background.

In this thesis we focus on a special category of nanostructures called quantum waveguides, which
can be modeled by 2 being infinitely stretched tubular region in R? or R3. The existing results for
these structures is summarized in [7]. The fact that the particle is constrained to the waveguide
can be modeled by imposing appropriate boundary conditions on the boundary of 2. A natural
choice are the Dirichlet boundary conditions

=0 on 0N

which represent that the wavefunction v associated with the particle is suppressed on the boundary
due to a chemical potential. The simplest situation occurs if € is defined as a tubular neighbour-
hood of constant width of an infinite curve in R2. This model with Dirichlet boundary condition
was studied in 1989 by P. Exner and P. Seba [8]. They proved the existence of discrete spectrum
of the Dirichlet Laplacian under assumption that the waveguide was asymptotically straight and
sufficiently thin. This result was further extended in [9,17]. The important feature of this model is
that bending of the waveguide results in existence of discrete eigenvalues below the essential spec-
trum. Eigenfunctions associated with these eigenvalues are called bound states and it is known that
they disturb the particle transport. This may be particularly problematic for applications where
the particle is an electron carrying information in a nanowire. Even a tiny bending deformation of
the wire may lead to a loss of data. For more information about the Dirichlet Laplacian in a curved
strip we refer to the review paper [5].



In this thesis we are interested in the Robin-type boundary conditions which may be considered
as a generalization of Dirichlet boundary conditions. Considering a infinite curved planar strip
Q) with a unit outward normal vector n defined on its boundary, we define the Robin boundary
conditions as

okl

o + ia1p) = 0 on 092, (1.0.0)

where « is a real-valued function defined on 0f2. Since the probability current does not vanish on
092, the Robin boundary conditions can be used to model dissipative systems [10,11].
We will be looking for the solutions of the problem

—ANYp=X)p inQ
Z—lﬁ—l—iaw:O on 012,

This problem can be regarded as a spectral problem for an m-sectorial operator acting as Laplacian
on functions defined in 2 and satisfying the Robin-type boundary conditions. However, this operator
is not self-adjoint which is against the principles of quantum physics. On the other hand, this
operator is PT-symmetric. Here P denotes the spacial parity symmetry operator defined by

(PY)(x) := ¢ (—x),

and T represents the time-reversal operator acting as the complex conjugation

(T) (@) = (x).

The interest in P7T-symmetric operators emerged with the recognition that many non-selfadjoint
operators possess real spectra. It was proved in [2] that the operators of type H = — A +a2(ix)®,
e € R, acting in L?(R) have real, positive and discrete spectra. However, the PT-symmetry is not
a sufficient condition for a spectrum to be real.

Even though some non-selfadjoint operators have real spectra, they cannot be associated with
observable in terms of classical quantum mechanics. Nonetheless, it was proved in [18] that for
each irreducible set of quasi-Hermitean operator there exists a unique metric operator ©. The
non-selfadjoint operators can then be associated with observables in a Hilbert space with a scalar
product defined by

(,)e:=(,06.).

The metric operator for a Laplacian in L?((0, d)) with Robin boundary conditions was found in [13].



Chapter 2

Preliminaries

In this chapter we state the definitions and theorems we shall use in subsequent chapters. Firstly,
we introduce the notion of sectorial forms. Then we present few useful tools which are used for the
study of the spectrum of an operator. In the last section we summarize basic properties of Sobolev
spaces.

2.1 Sectorial forms

Quadratic forms are a convenient tool for studying Schrodinger operators, since they require less
regularity on functions from their domain. Let us start with elementary definitions.

Definition 2.1.1. A map ¢ : Dom(¢) x Dom(¢) — C is called a sesquilinear form in 5 if it is
conjugate linear in the first argument and linear in the second. The function t[u] := t(u, u) is called
a quadratic form.

Contrary to linear operators, it is not difficult to find the adjoint form which is defined by
t* (¥, ¢) = t(p,v¥), Dom(t*) = Dom(t). We say that a form is symmetric if t(¢), p) = t*(@/} cp)
Equipped Wlth the adjoint form, we now can define its real and imaginary part as Ret := £~
and Im¢ := 2— Note that neither Ret nor Im¢ are real-valued, however, it holds that Re t[z/J]
Re(t[¢]), Imt[yp] = Im(¢[¢)]) and we can also write ¢ = Ret + iIm¢. The following notion is
important for the definition of the sectorial form.

Definition 2.1.2. Let ¢ be a sesquilinear form in JZ. Its numerical range is defined by
O(t) == {t[¢] | ¢ € Dom(t), [|¢[|=1}.
The numerical range of an operator T' in J# is defined by
O(T) :=={(¢,T¢) | ¢ € Dom(t), [|p[|=1}.

In general, a numerical range need not to be closed or open, nonetheless, it is always a convex
subset of the complex plane. Now we are ready to define the sectorial form.
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Figure 2.1: A sector with a vertex v and a semi-angle 6.

Definition 2.1.3. A sesquilinear form ¢ in 7 is called sectorial if its numerical range is a subset
of a sector, i.e.

O(h) C Sy p:={AeC|larg(A—7)|< 6} (2.1.0)
with a vertex v € R and a semi-angle 6 such that 0 <0 < 7.

Note that the parameters v and 6 are not uniquely determined by the form ¢. Indeed, a reduction
of the semi-angle # can be compensated by a reduction of the vertex . Every symmetric form is
real-valued and if it is also bounded from below, then it is sectorial with v = 0. Hence, the sectorial
forms can be regarded as a generalization of symmetric forms bounded from below. In some cases

it is convenient to use the perturbation theory to prove that a form is sectorial. For this purpose
we define the notion of relative boundedness which specifies a relation between two forms.

Definition 2.1.4. Let ¢ be a sectorial form in 5. A form t’ in % is said to be relatively bounded
with respect to ¢ (or t-bounded), if Dom(¢') > Dom(¢) and

[#'[u]| < allul|*+blt[u]l, (2.1.0)
where v € Dom(t) and a, b are nonnegative constants.

This property is useful in case that we are able to divide the examined form into the sum of a
sectorial form and its relatively bounded perturbation.

Theorem 2.1.5. ([Theorem VI-1.33] [12]) Let t be a sectorial form and let t' be t-bounded with
b<1in (2.1.4). Thent+1t is sectorial. The form t +1t' is closed, if and only if t is closed.

In case of linear opeartors, the notion of sectoriality becomes more complicated. Let us start
with the following definitions.

Definition 2.1.6. A linear operator T' in J# is said to be accretive if Re(t, T) > 0 for all
¢ € Dom(T), and quasi-accretive if T'+ oI is accretive for some « > 0.



Definition 2.1.7. A closed linear operator T" in 7 is said to be m-accretive if it satisfies

{A e C|ReX <0} Cp(T),

L
|Re Al

If T + al is m-accretive for some a > 0, then T is said to be quasi-m-accretive.

(T — AI)7Y|< for ReA <0

If an operator is m-accretive it means that it is maximal accretive in the sense that it is accretive
and there is no proper accretive extension.

Definition 2.1.8. A linear operator T in /7 is said to be sectorial if its numerical range lies in a
sector defined by (2.1.3). We say that T is m-sectorial if it is sectorial and quasi-m-accretive

An important property of m-sectorial operators is that they are closed and densely defined. If
a form ¢ is bounded we can associate with it a bounded operator T so that t(¢, ¢) = (¢, T¢). This
claim can be extended to densely defined, sectorial and closed form. In this case the associated
operator is m-sectorial.

Theorem 2.1.9. (The first representation theorem, [12, Theorem VI-2.1]) Let t be a densely de-
fined, closed, sectorial sesquilinear form in €. There exists an m-sectorial operator T such that

i) Dom(T) C Dom(t) and
t(u,v) = (u, Tv)

for every u € Dom(t) and v € Dom(T);
ii) Dom(T) is a core of t;

iii) if v € Dom(t), w € H and
t(u,v) = (w,v)

holds for every u belonging to a core of t, then v € Dom(T) and Tv = w.
The m-sectorial operator T is uniquely defined by the condition i

Furthermore, from the above theorem follows that there is a one-to-one correspondence between
the set of all m-sectorial operators and the set of all densely defined, closed and sectorial sesquilinear
forms.

2.2 Elements of spectral theory

First of all, we state some elementary definitions.

Definition 2.2.1. The linear operator H on a Hilbert space 7 is called symmetric if and only if

(Hy, ) = (¥, Hp)

for all elements v, ¢ from the domain Dom(H).



Definition 2.2.2. Given a densely defined linear operator H on a Hilbert space 52, by the Riesz
representation theorem there is a unique adjoint operator H* defined by

(Hip, ) = (v,H"p), Y € Dom(H),¢ € Dom(H")

such that
Dom(H") :={p € A | In € 2,Y1p € Dom(H), (HvY, ) = (¢,n)}.

Definition 2.2.3. We say that an operator H is self-adjoint if and only if it is symmetric and
Dom(H) = Dom(H*).

Definition 2.2.4. The operator H on a Hilbert space ## is bounded from below if there exists a
real number K such that
(, H) > K[[$||* ¥ € Dom(H).

We denote H > K.

Definition 2.2.5. We say that an operator H in a Hilbert space S is closed if and only if

Dom(H) 3 9, ——=254p € A _
Hin "% b e g } = (¢ € Dom(H) AN Hy = ¢).

Now we are able to define the spectrum o(H) of a closed operator H. We say that A € C belongs
to the spectrum o(H) if and only if the operator H — A is not a bijection between Dom(H) and
. This condition is met in the following situations:

1. The operator H — A is not injective, i.e. there exists a non-zero vector 2z € Dom(H) such
that Hx = Az. The number A is then called the eigenvalue of H and the set of all eigenvalues
forms the point spectrum of H denoted by o,(H). The vector  corresponding to A is called
the eigenvector (if = is a function it is called an eigenfunction). The subspace ker(H — AI) is
the respective eigenspace of H and its dimension is the multiplicity of the eigenvalue .

2. The operator H — AI is not surjective but its range is dense in ##°. Then we say that A belongs
to the continuous spectrum o.(H).

3. The operator H — A is not surjective and its range is not dense in 7. Then we say that A
belongs to the residual spectrum o, (H).

The set o(H) := C\ o(H) = {\ € C | (H — M) 'exists and is bounded} is called the resolvent
set of H. The function Ry defined on o(H) by Ry (\) := (H — A)~! is called the resolvent of
H. The same name often refers to the operator (H — A\I)~!. If the operator H is not closed
then o(H) = C, thus it makes sense to study only the spectrum of closed operators. In case of
self-adjoint operators the spectrum is a subset of real numbers ( [4, Theorem 1.2.10]). By the
closed-graph theorem [12, Section III-5.4], the pathological situation of A\ € o(H) \ o,(H) with
Ran(H — AI) = . cannot occur, thus

o(H)=o0,(H)Uo.(H)Uo.(H)

and the unions are disjoint. However, for the purposes ot this thesis, it is more convenient to divide
the spectrum in the following way.



Definition 2.2.6. Let H be a closed operator in a Hilbert space 5. Then we define the discrete
spectrum oqisc(H) as a set of eigenvalues of finite multiplicity which are isolated point of the
spectrum. The essential spectrum is consequently defined by

Oess(H) := 0(H) \ 0gisc(H).
We say that H has a purely discrete spectrum if oess(H) = 0.

The resolvent of a closed operator can be used to detemine if the operator has a purely discrete
spectrum.

Theorem 2.2.7. Let H be a closed operator. Suppose that there exists Ao € o(H) such that Ry (o)
is compact. Then Ry is compact for all X € o(H) and H has a purely discrete spectrum.

Recalling the sectorial forms from previous section, we can use the perturbation theory to prove
that an operator has a compact resolvent.

Theorem 2.2.8. ( [12, Theorem VI-3.4]) Let s be a densely defined, closed sectorial form with
Res > 0 and let S be the associated m-sectorial operator. Let t be a s-bounded form satisfying
(2.1.4) with b < % Then t = s +1 is also sectorial and closed. Let T be the associated m-sectorial

operator. Then the resolvents Rg and Ry exist. If S has a compact resolvent, the same is true of
T.

In case of self-adjoint operators we have the following useful criterion of lambda belonging to
the spectrum.

Theorem 2.2.9. (Weyl criterion) A number X\ € R lies in the spectrum of a self-adjoint operator
H if and only if there exists a sequence of functions {t, }nen, such that

1. ¢, € Dom(H), Yn € N
2. Jball=1, ¥n € N

n— oo

The following variation technique is useful for locating the discrete eigenvalues below the essen-
tial spectrum of a self-adjoint operator.

Theorem 2.2.10. (Minimazx principle, [{, Theorem 4.5.2]) Let H be a self-adjoint operator that
is bounded from below on a Hilbert space € and let {\m }men be a non-decreasing sequence of real
numbers defined by

ver |91

Then one of the following cases occurs.

Am = inf {sup W, 2Y) ‘ P C Dom(H), dimP = m} :

1. 0ess 18 empty if Ay, M=%~

2. There exists a < oo such that \,, < a, Ym € N and A\, T 4. Then a is the smallest
number of the essential spectrum and the part of the spectrum of H in (—oo,a) consists of the
eigenvalues Ay, each repeated a number of times equal to its multiplicity.

8. There erists a < oo and N < oo such that Ay < a but \,, = a for all m > N. Then
a = inf oess and the part of the spectrum of H in (—o0, a) consists of the eigenvalues A, ..., An
each repeated a number of times equal to its multiplicity.



2.3 Sobolev spaces

When dealing with partial differential equations, it might be difficult to find a solution among
functions with derivatives understood in the classical sense. We remedy this problem by presenting
the Sobolev spaces in which the derivatives are understood in a weak sense. In this section we give
a short introduction into Sobolev spaces, more detailed information can be found in [1].

We avoid the general theory of Sobolev spaces and present the notions for the special case
relevant to this thesis. Let us consider smooth functions in the interval (—a,a). We define the
support of a function f as the closure of the set of points z € (—a,a) such that f(x) # 0. We call
distribution a linear functional mapping smooth functions with a compact support contained in
(—a,a) to complex numbers. Every locally integrable function f in (—a,a) can be regarded as a
distribution ¢ defined by

61(g) = / f(@)g(x)d,

where g is an arbitrary smooth function with a compact support contained in (—a,a). We define
the weak derivative D*¢ of a distribution ¢ with @ € N as

) = (- (2.
dx®

The weak derivative can be regarded as a generalization of the classical derivative, as some functions
which are not differentiable in the classical sense have a weak derivative. For example the absolute
value function is not differentiable in the classical sense but it is in the weak sense.

Now we can define the Sobolev space W¥P((—a,a)) as the subset of functions in LP((—a,a))
such that the weak derivative exists and belongs to LP((—a,a)) for all @ < k, where k € N U {0}
and p € [1,00]. The norm in this space is defined by

I fllwer((—a,a)):= Z”DafHLp((fa,a))- (2.3.0)
a<k

We define the Sobolev space WgP((—a,a)) as the closure of C§°((—a,a)) with respect to the
norm (2.3), where C§°((—a, a)) represents the set of all smooth functions with a compact support
contained in (—a,a).



Chapter 3

Straight Planar Strip

In the first section of this chapter we give proper definition of the Laplacian in a straight waveguide
with Robin-type boundary conditions using the quadratic forms. In the second section we discuss
the spectral properties of the Laplacian. Additionally, we mention Laplacians with Dirichlet and
Neumann boundary conditions as special cases of the Robin Laplacian.

3.1 Definition of the Hamiltonian

Let us define the straight waveguide as the Cartesian product Q¢ := R x (—a,a), where a is a
positive number. We define here coordinates (s, t), where s € R is the coordinate in the longitudinal
direction and t € (—a,a) is the coordinate in the transversal direction. From now on we denote by
7. ¢ and ”,;” the partial derivatives with respect to s and ¢, respectively.

We are interested in the solutions ¥ of the following stationary Schrédinger equation for a
free particle with energy A confined to the waveguide €}y and satisfying the Robin-type boundary

o )]

Y
n

Figure 3.1: Straight waveguide g of width 2a.



conditions on 9€:

{ — A=\ inQq (3.1.0)

%—‘f +iap =0 on 09y,
where « is a given real number.
The problem (3.1) can be regarded as a spectral problem for an m-sectorial operator in L?(Qg)
which we denote here by —Afl. It turns out that it is correctly defined by

APy =— Ay

DOm(_Ago) = {’L/) S WZ,Q(QO) ‘ %71? +ia) =0 on 890} (3.1.1)

The derivations are understood in the weak sense and the Lapacian acts in the distributional sense.
The two-dimensional spectral problem (3.1) can be formally simplified using the separation of
variables. Namely, we assume that every solution v can be rewritten as

b(s,t) = f(s)g(t).
Putting this ansatz to (3.1), we obtain
1 11
) O o

fls)  g(®)

This equation makes sense only for such (s,t) € g that f(s) # 0 and g(t) # 0. The only functions
f, g satisfying this formula are constant functions, thus we can write

f(s) _ _g"(®)

A+

f(s) g(t)

where C is a constant. Taking into account the Robin-type boundary conditions in (3.1), we obtain
the following boundary conditions for g:

¢'(£a) +iag(+a) = 0. (3.1.1)

In conclusion, we transformed the two-dimensional problem (3.1) into two independent one-dimensional

problems for the transversal operator —A((;a’a) and the longitudinal operator —AR. In other words,
the Hilbert space L?(2y) can be expressed in terms of tensor product as

L*(Q) = L*((—a,a)) ® L*(R) (3.1.1)
and the operator —A$% can be consequently rewritten as

—Afo — Ao QIR 4 a0 g AR (3.1.1)

3.1.1 The transversal Hamiltonian

Firstly, let us address the proper definition of the transversal Hamiltonian —AE(“*“). It turns out
that the correct definition is similarly to (3.1.1) given by

_ A‘(X—a,a) 0= _SDN

3.1.2
Dom(-AL ) := {p € W*%((—a,a)) | ¢'(xa) + iap(+a) =0} . (3.1.2)



Let us consider the quadratic form h,, associated with the operator —AS{“*“). Using the integration
by parts together with the boundary conditions (3.1), we get

halg] =(0, — AT ) 12((—aa))
—— [ete = [P0 oo 0] (313)
=ll¢'[*+ialp(a)|*~ialp(—a) .
In order to prove that the operator (3.1.2) is m-sectorial, let us start from the form which acts as

h. We define 9

halie] = I[P +ialp(a)* —ialo(~a)]

o (3.1.4)
Dom(hy) := WH*(R).

The following lemma will help us prove that the form A is sectorial.

Lemma 3.1.1. The inequality |p(£a)|?< 5= |l¢l2+2]l¢|l|l¢’|| holds for all p € Dom(hy).

— 2a

Proof. We prove the inequality for the point a only, proof for —a is analogous. Let us define an
auxiliary function
0 z€(—o0,—a)
n@)=1{ %5*  we€l-ad
1 x € (a,0).

Using the properties of n combined with the Schwarz inequality, we obtain

@)= [ 2 lthoto)?)

—a

a a

=/77’(t)|<p(t)l2dt+Q/U(t)lw(t)llw’(t)\dt

1 a a
<o [le0Par+2 [l 0l

1
<g-llel+2llli¢’]l

O

In order to prove that the form h, is sectorial, we regard it as a perturbation of the form
associated with the Neumann Laplacian acting in L?((—a,a)). Let us now divide the form h into
two parts:

hale] = 1&'|I?

3.1.5
haly] = ialp(a)|*~ialp(~a) (319

%,

where h; is the form associated with the Neumann Laplacian. Note that the domains of these forms
are identical, i.e. Dom(h1) = Dom(hy) = WH2((—a,a)).



Theorem 3.1.2. Let hy and hs be the forms defined by (3.1.5). Then the form hy is hy-bounded
and the constant b in (2.1.4) can be taken arbitrarily small.

Proof. Using the Lemma 3.1.1, we can estimate the form ho by
|h2lelI<lallp(—a)l*+allp(a)

1
<lal(Slle1P+ el )

1 4
< L2 4y e "2
<lal (5 1elP+ 2lelP el 1?)
—allgl bl

where a = |af(2 é) and b = ¢|a|. In the last inequality we used the Young inequality 2zy <

12?2 + ey? with # = 2||¢|| and y = [|¢’||. This estimate holds for all € > 0, thus the constant b can
be taken arbitrarily small. Since the domains of the forms h; and ho are identical, we conclude
that the form hs is hi-bounded. O

Corollary 3.1.3. The quadratic form hs defined by (3.1.4) is densely defined, sectorial and closed.

Proof. The domain Dom(h,) = W%((—a,a)) contains the set C§°((—a,a)) consisting of smooth
functions with compact support. This set is dense in L2((—a, a)) ( [1, Theorem 2.19]), thus Dom(h)
is dense in L?((—a,a)) and the form h,, is densely defined.

The form h; associated with the Neumann Laplacian is sectorial and closed [6, Chapter IV]. Ac-
cording to the Theorem 3.1.2 the form hsy is hi-bounded with arbitrarily small constant b, therefore
the form h, = hy + hs is by the Theorem 2.1.5 sectorial and closed. O

In the light of this corollary, we can use the First representation theorem 2.1.9 to associate the
form h, with an m-sectorial operator defined by

Hopo= 1

B I € L2((—a, a)), (3.1.6)
Dom(H,) = {gp € Dom(h,) ‘ V) € Dom(h ) ha(¥,¢) = (¢, 1) }

In fact, n = —¢” and the Hamiltonian H, equals to the operator —A(({a’a) defined by (3.1.2), as
shown in the following theorem.

Theorem 3.1.4. The Hamiltonian H, defined by (3.1.6) equals to the operator —A,(fa’a) defined
by (3.1.2).
Proof. If 1 € W22, there exists its second derivative and we can integrate hq(¢,) = (¢',9') —
{_ '} by parts to get hq(é, %) = (¢, —¢"). Thus n:= —¢" and H, D BN

It remains to prove that H, C —Ag‘“’“). The course of the proof is inspired by [12, Example

VI-2.16]. Let ¢ € Dom(hy), 1 € Dom(H,) and 1 € L?((—a,a)) be the function defined by (3.1.6).
Let ¢ be the indefinite integral of n, then the relation hq (¢, ) = (¢, T¥) = (¢, n) means

25@'“&%1#( ) — iag(— [ /2&(’[&%}: 25@



This equation can be subsequently rewritten as

_a ¢ (' + Q) +6(a) (iatp(a) — ((a) +b(—a) (iath(—a) + ((=a)) = 0 (3.1.6)

which holds for every ¢ € Dom(h,). However, in the next step we make a special choice of ¢. For
any ¢’ € L?((—a,a)) satisfying [, ¢/(t)dt = 0, the function ¢(t) = fja #(t)dt lies in Dom(h,) and
o(—a) = ¢(a) = 0, so that ¢’ + ¢ is orthogonal to ¢’ by (3.1.4). The relation ffa @' (t)dt = 0 means
that ¢’ is orthogonal to the constant function equal to 1, thus ¢’ + ¢ € {IL}l = span {1}, i.e.

P +(¢=C, (3.1.6)
where C' is a constant. Substituting this identity into (3.1.4), we get
¢(a) (iatp(a) — ((a) + C) +9(~a) (iavh(~a) + ((~a) = C) = 0. (3.1.6)

Since ¢(a) and ¢(—a) may attain any complex number when ¢ varies over Dom(h,, ), their coefficients
in (3.1.4) must vanish. Together with (3.1.4) we therefore obtain

C = ((a) - iat(Ea) = ((+a) + ¥/ (+a)
which means that every ¢ € Dom(H,,) satisfies the Robin boundary conditions
Y (+a) + iarp(+a) = 0. (3.1.6)
Furthermore, the derivation of (3.1.4) yields
—¢" =( =ne L*((~aa)),
thus ¢ € W22((—a, a)) and we conclude that Dom(H,) C Dom(—AS *®). Since n = Hatp = —1)",
we have proved that H, ¢ —AL*Y. O

The operator —AE{“'“) is not self-adjoint, nevertheless there exists a simple prescription for the
adjoint operator.

Proposition 3.1.5. Let —AS ) be the operator defined by (3.1.2). Then its adjoint operator is
defined by

(o)’ =~ alm

[e3%

Proof. The operator —AE{‘”‘) is associated with the sesquilinear form

ha(, ) = / T (1)dt + iog(a)p(a) — iod(—a)p(—a).

It is convenient to work with sesquilinear forms, since it is easy to find the adjoint forms. Indeed,
the adjoint form of h, is given by

B, 9) = ha(p, ) = / T (t)dt — ioa(a)p(a) + iod(—akp(—a).

This form is associated with the adjoint operator and since we have proved the Theorem 3.1.4 for
all @ € R, it is also associated with —A(:aa’a). O



3.1.2 The longitudinal Hamiltonian

We will define the free Hamiltonian —AR via Friedrichs extension. Let us define the minimal
Hamiltonian

Hip := — N

3.1.7
Dom(H) := C§°(R), L0

where C5°(R) consists of smooth functions on R with compact support. This operator is associated
with the quadratic form

W) = (o, ) = /W—/w'w 12 518

Dom(h) = Dom(H) = C°(R)

Since the free Hamiltonian H is symmetric and bounded from below, its associated form h is
closable ( [12, Corollary VI-1.28]). The domain of the closure of / is given by the closure of C5°(R)
with respect to the topology induced by h which coincides with the norm (2.3), therefore it is by
definition equal to W, ?(R). Additionally, in our case of the real axis we have Wy *(R) = WH2(R).
The closure of i is then defined by

hly] = [[¥']I?

o (3.1.9)
Dom(h) = WH=(R).

Using the First representation theorem 2.1.9, we can associate with h an m-sectorial operator H
given by
Hy :=n
Dom(H) == {4 € Dom(h) | 3y € L*(R),¥$ € Dom(h), h(¢, ¢) = (1,1)} .
By the same argumentation as in the proof of the Theorem 3.1.4, we conclude that the Hamiltonian
H equals to the operator —AF defined by
— ARy —A

Rw ;é (3.1.10)
Dom(—A") := W=*(R).

3.2 Spectral analysis

In this section we find the spectrum of the operator —Afl defined by (3.1.1). We divide this task
into the study of the spectrum of the transversal operator —A((fa’a) and the longitudinal operator
—AF. In the transversal case we also mention the limit situations of Neumann and Dirichlet
boundary conditions. Altogether, we will consider the following three boundary conditions on the
interval (—a,a):

Neumann ¢'(+a) =0

Dirichlet  ¢(+a) =0 (3.2.0)

Robin @' (£a) +iap(£a) = 0.

Note that the Dirichlet boundary conditions are the limit case of Robin boundary conditions as «
tends to infinity while the Neumann case can be obtained by setting oo = 0.



3.2.1 The spectrum of the transversal Hamiltonian
Let us start with the study of the point spectrum of the Hamiltonian —AE(“’“) which means to
solve the spectral problem

_w// — >\¢
{ V' (+a) + iay(+a) = 0. (3.2.0)

The general solution of the above differential equation is
P(t) = Asin(V/At) + B cos(VAL), (3.2.0)

where A and B are complex constants. This general solution is common to all the boundary
conditions and we can obtain the point spectrum by imposing each of the boundary conditions in
(3.2). In the case of Robin boundary conditions we get the following system of equations for A and
B:

AV X cos(Va) + iaAsin(VAa) — BV Asin(VAa) + iaB cos(VAa) = 0

AV X cos(VAa) — iaAsin(VAa) + BV Asin(VAa) + iaB cos(vVAa) = 0.

We are interested only in non-trivial solutions, i.e. such that A # 0 and B # 0. In order to derive
the condition for A\ belonging to the point spectrum, we rewrite the system as a matrix equation

f2)-()

M — (\F/\ cos(vAa) +iasin(vxa) —vAsin(v/\a) + ia cos(ﬁa))
— \WVAcos(VAa) —iasin(vAa)  VAsin(vAa) +iacos(vAa) )

Since the equation (3.2.1) is homogeneous, there exists a non-trivial solution if det M = 0. This
condition yields

with

(A = a?)sin(2vAa) = 0,

thus we conclude that the point spectrum is given by

o () = {az}u{< )

Zero is excluded from the spectrum because it leads to the eigenfunction ¢ (¢) = B which meets the

Robin boundary conditions only if B = 0. Hereafter we shall denote the eigenvalues by A\, = (%)2,
2

with the convention that A\g = «a“. The obtained eigenvalues now can be associated with the
corresponding eigenfunctions by solving the system (3.2.1) with the given eigenvalues. For the

eigenvalues {\;}%2; the matrix M in (3.2.1) takes form

ke N} . (3.2.0)

(l% cos(2) + iavsin () —’;;rsin(@r)—kiacos(k;))
s b km km .

i cos(Er) —dasin(EF) AT sin(

k!

The corresponding eigenfunctions then differ for odd and even eigenvalues Ag:

B (—£mi sin(E7¢) + cos(42¢))  for odd k

2aa

wk(t) = { B ( 2](:71:1 Sll’l(k;rt) + COS(kﬂ't)) for even k,



where B is a complex constant. Similarly, for the eigenvalue Ao = o

we get
Yo(t) = B (cos(at)) — isin(at)) = Be ',

The normalization condition ||1g||= 1 yields

1=[BPa(1-(£)*) for odd k
1=|B]%a (1~ (%)2 for even k, k > 2

1:|B|2Sin€#a) for k= 0.

Thus, we conclude that the normalized eigenfunctions corresponding to the eigenvalues {Az}72
are given by

sin(gaa) etot for k=0
Yp(t) = m (—£2i sin(5Tt) + cos(EXt))  for odd k
k

2
T _ ki 3 kl
T (e sin(E2¢) + cos(EZt)) for even k, k > 2.

=
=

Ty

[

a

In case of the Neumann boundary conditions the matrix M in (3.2.1) takes form

M:<\F)\cos(ﬁa) —ﬁsin(ﬁa))
Vcos(vVaa)  VAsin(vAa) )

The condition det Ml = 0 then means
Asin(2v/\a) =0

and the point spectrum is given by

o (o) = { (1)

In this case zero is an acceptable solution because it leads to ¥ (¢t) = B which meets the Neumann
boundary condition. The corresponding eigenfunctins are obtained by solving the system (3.2.1)

with \ € o, (—Agv_a’a)>:

keNU{O}}.

\/g fork=0
Yi(t) = \/g sin(ET¢)  for odd k
\/%cos( ™t) foreven k,k> 2.

Finally, the Dirichlet boundary conditions lead to the system with

M (S )

mg 8

The eigenvalues are restricted by

sin(2v/\a) = 0,



thus the point spectrum is given by

o (~05 ) = {<§Z>2 ke N} .

Similarly to the Robin case zero leads to a trivial solution and is excluded from the point spectrum.
The corresponding eigenfunctions are consequently given by:

be® \/gcos(g—gt) for odd k
k: p—
\/gsin(g—gt) for even k.

Since the resolvents associated with the Laplacians with Neumann and Dirichlet boundary condi-
tions are compact ( [4, Theorems 7.2.2, 6.2.3]), the corresponding spectra are purely discrete, thus

we can write )
o (-2) e (-2) = { (8) | emuimr},

o (—A(D’“’“)) = Odisc (—ASG’G)) = { (Z)2 ke N} .

In the following proposition we show that the same holds for Robin Laplacian.

(3.2.1)

Proposition 3.2.1. Let —A((;a’a) be the operator defined by (3.1.2). Then it has a compact resol-
vent and its spectrum s given by
ke N} |

o (7&&*(1,@)) = Oise (7&&7(1’“)) _ {az} U { (];,2)2

Proof. Let us consider the quadratic form h, defined by (3.1.4) and associated with the operator
—AS ™ Tt can be divided into the sum of by and hy as in (3.1.5). From the Theorem 3.1.2
follows that ho is hi-bounded with relative bound b arbitrarily small. The form h; is positive and
associated with the Neumann Laplacian which has a compact resolvent, thus by Theorem 2.2.8 the

Robin Laplacian —A((;a’a) has a compact resolvent and purely discrete spectrum. O

Note that although the operator —AS;“’“) is not self-adjoint, its spectrum is real.

3.2.2 The spectrum of the longitudinal Hamiltonian

Contrary to the transversal operator —A((;a’a)7 the spectrum of —AFR is purely essential which we
prove in the following proposition.

Proposition 3.2.2. Let —AR be the operator defined by (3.1.10). Then its spectrum is given by

o (—AR) = Oess (—AR) = [0, 00).



Proof. The operator —AR is associated with the quadratic form defined by (3.1.9). This form is
non-negative, thus from the minimax principle follows o (—AR) C [0, 00).
To prove the opposite inclusion, we use the Weyl criterion 2.2.9. More precisely, for every
A € [0,00) we define
1 s

onls) = (D),

n
where 1 € C§°(R) and ||¢1||= 1. All elements of this sequence are normalized to 1 in L?(R) and

their derivatives satisfy )

Sl

[l 117
' (3.2.2)
ol = HH@'{H?

Now we can define the sequence
Pn(s) = n(s)e™

for which we will prove that satisfies the hypothesis of the Weyl criterion. All its members are
normalized to 1 in L?(R) and lie in Dom(—AR). Moreover, using the identities (3.2.2), we obtain

||(— AR _A)¢n(5)“2 — ||(_(,0Z(S) . 27,\/X(pfn(8)€1ﬁ§||2

< [lon(s) I +4Mll @ () === 0.

In conclusion, for every A € [0,00) the sequence {t,}52, satisfies the hypothesis of the Weyl
criterion, thus o (—=A®) 2 [0,00) and o (—A®) = [0,00). Since the interval contains no isolated
points, we have o (fAR) = Oess (fAR). O
3.2.3 The spectrum of the Hamiltonian of a straight strip

We conclude this chapter by showing that the spectrum of —A is given by the sum of the spectra
of the transversal and longitudinal Hamiltonians.

Theorem 3.2.3. Let —A%0 be the Hamiltonian defined by (3.1.1). Then its spectrum is given by
o (—ASO) = Oegs (—Ai’O) = [Amin, 00),

where Apip = min {a2, (l)z}.

Proof. The Hamiltonian —AS$% can be expressed in terms of tensor product by (3.1). If YN

and —AR generate bounded holomorphic semigroups on the Hilbert spaces L?((—a,a)) and L?(R),

respectively, then by [16, Theorem XII1.35] the spectrum of —A$0 equals to the sum

o (~0%) =0 (~A5) + 0 (=A%) = Puin, ).

In chapter 3 we proved that the Hamiltonians fA(a_a’a) and —AF are m-sectorial with a vertex 0
and all such operators generate bounded holomorphic semigroups by [12, Theorem I1X-1.24]. O



Chapter 4

Narrow Curved Waveguide

4.1 The Geometry

Let I be an infinite planar curve parametrised by its arc-length, i.e. a C?-smooth map I' : R — R? :
s — (T'1(s), Ta(s) satisfying |I'(s)|= 1 for all s € R. We define a normal vector field N := (—T'p,T';)
and a tangent vector field T := (I';,I';). The couple (T, N) then forms a Frenet frame. The
curvature of I' is defined through the Frenet formulae

7(s) 0 k(s) ) (T(s)
) = 4.1.
(i) = (ot ) (i L)
by k(s) = det(I'(s),I'(s)), where  is a continuous function of the arc-length parameter s. Let

Qp := R x (=1,1) be a straight waveguide and let ¢ > 0. We define a curved waveguide of width
2e by Q. := L(Q0), where

L.:R? 5 R%: (s,t) — ['(s) + tN(s). (4.1.0)

We understand €. as an open connected subset of R? with cartesian coordinates z,y. In fact,
the image 2. has a geometrical meaning of a non-self-intersecting strip only under assumption
that L. [ Qg is a diffeomorphism. By the inverse map theorem the sufficient condition is that the
restriction L. | € is injective and the Jacobian of L. is non-zero on €2y. From the Frenet formulae

(4.1) follows that T'(s) = x(s) (_FIIZ((‘;;)) and thus the Jacobian of L, is given by

d(z,y) I —etly eNy

_ N2 (1 7575/{) €N1
| =N1 (1 —¢tk) &Ny

a(s,t) fg +6tf1 €N2

=e(l—etk).
Therefore the condition that the Jacobian of L. is non-zero on g is met if etk(s) < 1 for all
t€(—1,1) and s € R. Summing up our considerations, we will always assume:
Assumption 4.1.1. i) L | Qo is injective
it) k € L>(R)

ii1) €||kllco< 1, where ||&||oo:= sup|k(s)]|
seR



I
Qg
Figure 4.1: Curved strip 2. defined via reference curve I'.
From the third condition we derive the following useful estimates:
Vs, t € Qo 0<C_ <1-—ctr(s) <Cp with Ci:=1=¢lklco- (4.1.0)

4.2 The Hamiltonian

We are interested in the behaviour of the solutions v € L?(€.) to the boundary-value problem as

e—0
{ — A=\ in Q.

gf% +iap =0 on 09, (4.2.0)

where o : 99, — R is a given real-valued function. We assume o € L>®(0€)) and o | L.(R x
{=1}) = a | L:(R x {1}) so that a can be identified with function o : R — R.

We understand (4.2) as the spectral problem for the m-sectorial operator with Robin-type
boundary conditions in the Hilbert space L?(€).)

Hop:=—-A4%

4.2.1
Dom(He) := {1/1 c W22 887]%7 [ 00, + i) | 0 = 0} . ( )
The operator is associated with the form
Qv = o) = flgwl + i [aluP — i [aluP
Q. L(R X {1}) LR x {=1}) (4.2.2)

Dom(Q.) := Wh2(Q.).

Since the mapping L. is under Assumption 4.1.1 a global diffeomorphism between 2y and €.
it is natural to describe the Hamiltonian (4.2.1) in curvilinear coordinates (s,t) determined by the
inverse of L£.. Additionally, it is convenient to rescale the space (2. for the purpose of simplifying the
scalar product. In the light of aforementioned considerations we introduce the following mapping:



U. : L*(Qe, dxdy) — . := L*(Q, he(s,t)dsdt) : 1 — /2 o L. = o, (4.2.2)

where he(s,t) := 1 — etk is the Jacobian of L. up to the parameter €. Since L. is a diffeomorphism
and

1
(Ue’(/%UELp)QE = g/

0 1/“’55@0552 ¢90hs:(1/}>@)%7

Qo

it is clear that the mapping (4.2) is a unitary transformation. Hence the transformed Hamiltonian
ﬁs =UHU ! is unitarily equivalent with the former Hamiltonian H,. In other words we replaced
the simple operator H. on the complicated Hilbert space L?({2.,dxdy) with the more complicated
operator H, on the simpler space #2. The Hamiltonian H, is associated with the form

Qs[‘P] = Qs[Uz;l‘P]

- 4.2.3
Dom(Q.) := U.Dom (Q.) = W2 (Qp) . ( )

In particular, the gradient is transformed into curvilinear coordinates (s,t) as follows:

2 2

ovos v on
0s Ox ot Ox
2

+

0v0s , o0 ot
Os 0y Ot Oy
2

Vo € Qo [Vel*=[0z0*+|0y0)*=

N. N
= "ll),shz +1/11tN1h —’11)7571 +'(/1_’tN2h

1 2 1 2
:ﬁ|¢,s| +€7|¢,t| .

Consequently the boundary part of quadratic form Q). is transformed via substitution in the curve
integral and altogether the quadratic form ). in curvilinear coordinates is expressed as

Se = [ 1ol 1 2, 4 L 2, - 1 2h 4.2.3
Qs[@] = TEJr? ‘Sﬁ,t| eJFg 05|90| S 0‘|90| € ( R )
Qo Qo

R x {1} R x {-1}

The operator H, then can be expressed as

~ 1.1 11
He=——0,-—0s + 5 0theO
he “he = €% he (4.2.4)
Dom (Hg) ={peW>*(Q) | ¢ +icap=0 on Rx=*l}.
In the next step which is inspired by [14] we transform the Hamiltonian H. into the operator
which satisfies the usual Neumann boundary conditions on ##. For this purpose we introduce
another unitary transformation

Vo = A prs e®lp =1 ¢ (4.2.4)

which leads to the unitarily equivalent operator H. = VEI;TEU; 1 agsociated with the form Q. (9] :=
Q: [V 1], Dom(Q.) := V.Dom(Q.). However, this unitary transformation also yields additional



condition on regularity of & and x. Namely, we shall assume that o € W2 and k € W so that
the Hamiltonian can be expressed as

N 1 1 2icet 11 2l
H, ——0s—0s + ——0s + V1 + ——0:h.0; + — 0 + V5
ST TR R TR ST g et T (4.2.5)

Dom(H.) = {¢p € W**(Q) | ¢4 =0 on Rx 1},

where V7 and V5 are potential terms given by

1 he s
Vi =3 (d282t2 —iGet ; + idet)

€ h ¢ (4.2.6)

o
The associated form can then be rewritten as
AE 22046 s
Qo
Phe+) / gicd.h.+ [ Valofh. (4.27)

Qo
Dom(Q.) = WL2 (Qo) .

In conclusion, we replaced the m-sectorial operator H. satisfying Robin-type boundary condi-
tions on L? (2., dxdy) with the operator H. satisfying Neumann boundary conditions on 2. Since
the operators are unitarily equivalent, they possess the same spectrum, thus we are going to study
the operator H.. Moreover, the unitary transform also preserves the m-sectoriality of the operator.

4.3 The limit

In this section we will show that the Hamiltonian H, weakly converges to an operator H.g as the
width of the strip tends to zero. It shall be later explained, how the limit is understood.

Since the Hamiltonian H, is m-sectorial, there exists K € R such that —K € o(H.). Hence the
resolvent is a bounded operator on 2, i.e. (H. + K)~' € (). For any function f € /. we
set ¢ := (]EIE + K)~!f so that ¢. satisfies the resolvent equation

(f{s n K) 6. = f (4.3.0)
which can be equivalently rewritten as
Yo e WA Q) Qe (B,0e) + K (8,0e). = (&.1). (4.3.0)
where (.,.). denotes the scalar product in J#. Specifically, for the choice @ := ¢. we have
Qelge] + Kl pellZ= (e, )e- (4.3.0)

Following lemmas will be helpful in estimating the function ¢.. Let us first introduce a conven-
tion of denoting constants.



Remark 4.3.1. Henceforth we shall denote by C' a generic constant depending on Hfi||cl(® and
||04||CQ(® but independent of €. The constant may change from line to line.

Lemma 4.3.2. Let « € W2, x € WY and H. be the Hamiltonian defined by (4.2.1). Than
there exist constants eg = £¢ (||k||c) and
C = C([[6lloos [1Flloos [ltlloo, lledlloos [létlloc, €0) such that Ve < e :

Vi(s,t)] < Ce,
Va(s, )] < C.

Proof. The bounds (4.1) yield the estimate hi < ﬁ Furthermore, since kK € W1 the

partial derivatives in potential terms V; and Vs can be estimated by

|he,s|= lueh|< eollAlloo

e il = |er|< €o]|lloo-

In the light of the above inequalities we get the estimate of the first potential term:

1 h
Vi(s,t)|= ’2 <d252t2 —idet—2 z’dat)‘

h? he

1 . . he, N
<3 <|(a252t2] + |t ;S ‘ + |a5t|>

€ €

1 ( -2 2 . 50”"”‘:“00 .

< [ lallSeet + lldllccgo———r=— + léllco

(1 — eollieloc)” - T = eollllo ~
<Ce.

The last inequality arose from the assumption that o € W2, k € W1> and from the fact that if
g0 < 1 then €2 < 9. We deal with the estimate of the second potential term in the same fashion:

iah ah
Vol=la? + =250 <« o2 2l
|2|a+€h€ =« € he
1 —eollklloo
O
Lemma 4.3.3. For every function ¢ € 7% and constant 6 > 0 the following inequalities hold:
2idegs,, /|<z>s|2 1 /4lal%2 )

— <y | =+ = [ — 4.3.0
R <o [ B [ F5 (430
0 Q() QU

Y [ oiagé he| < 52 |2h? L s02io2n 4.3.0
c Za¢¢,t el = 22 |¢,t :t 46 o ‘¢| €- ( 9. )
Qo Qo Qo




Proof. Using the Schwarz inequality we get:

2iGepd ®.s|? al%e?
[ 2ot o [ [leaF [ 1002,
0 Qo QO
b5 1 [ ]af?e?
<o [ Bt as [
Qo c Qo c

where the second inequality follows from 2ab < a?4+b% with a = f 195 ‘ and b = % f .
\/ \/ Qo
O

Similarly, using the same arguments we would get the inequality (4.3.3).

From now on, we shall denote 5% := L?(€, dsdt). Note that the spaces 7% and J# coincide as
sets but they differ in topology. Therefore we can regard any element of J#&) as an element of J7Z,
and vice versa. The norm in J& is defined by |[¢[|3= [ [¢(s,t)|?dsdt and using the bounds (4.1),

Qo

we have
0 < C[I5< 12 Coll-N3, (4.3.0)

where Cy := 1 =+ €|k 0o-
Now we are prepared to prove the following crucial estimates.

Theorem 4.3.4. Let f be an arbitrary function from 4. and ¢. be the function satisfying the
resolvent equation (4.3). Than the following inequalities hold:

[¢=llo< Clfllo
< Cell o (4.3.0)
[[¢e,sllo< Cll.fllo-
Proof. Using the previously stated Lemmata 4.3.2 and 4.3.3 with special choice § = % we can

estimate the equality (4.3) from below as follows:

A ‘ng s|2 22&5@(]55 s 2
Q6[¢6] +K||¢E||§-: ’ + =+ V1|¢5| hs
Q{ he / he /

Qo Qo

1 1 . —
+ §/|¢5,t|2h5 + g/2za¢€¢s,ths +/Vv2|¢5|2h6 +K/|¢E|2h€

Qo Qo Qo Qo

/¢es|2/|¢ss2 2/042 2|¢8|2 C/|¢5|2
/|<z>st|2 5 2/\¢5t|2h2—2/ o?lg.Phe —C/m\ he

Qo

+K / |be|*he
Q

0
L[ |gesl? 1 2 2
Zi/TE+TEQ |pe.t|"he + (K = C) [ |¢e|"he.
Qo Qo Qo



From the Schwarz inequality immediately follows that (4.3) is bounded from above by ||¢c||< |||l
which together with the above inequality yields

L || Pz,
|% (K = O)l6el2< o LI 1 (4.3

Under the assumption that K is large enough with respect to C, the left hand side is composed of
three non-negative terms, and we therefore conclude

Ipelle < =—=11lle

T K- C
1e,ellZ < 2¢? (16l IIfHE_ allflle

1e.sl1Z < 2l el flle<

Taking into account the norm inequalities (4.3), we consequently obtain the desired statement
(4.3.4). O

Since the operators H. and H.g act on different Hilbert spaces, we need to explain how the
convergence of corresponding resolvent operators is understood. Inspired by [3] we decompose the
Hilbert space 74 into a sum of two mutually orthogonal subspaces J#,°% and #". Let us consider
the Neumann Laplacian fASV_M) acting in L? ((—1,1)). Seeing that its eigenfunctions {xn},cn
form the orthonormal basis of the space, we can express any function ¢ € 74 in terms of Fourier

expansion

Vs e Rt e (—1,1) o(s,t) = Z ©n(8)xn(t), (4.3.0)

where @, (s) 1= fil Xn(t)p(s,t)dt. Let us now define the subspace J°"" as the set consisting of
first terms of the Fourier expasion, i.e.

SO = {¢0 € ‘ (3f € ) <¢>0 =ox1 = (X1, f)r2(—1,1)) Xl)}' (4.3.0)

1)

Since the first eigenvalue of —A(_l’ is equal to zero and its corresponding eigenfunction is y; = %,

we have ¢(s) : f f L (s, t)dt and ¢o(s) = o(s)x1(t) = %fil ¢(s,t)dt. As a result, the subspace

SO can be interpreted as consisting of functions constant in the transversal variable ¢, thus
it can be naturally identified with L?(R). More precisely, the identity mapping I : "t —
L?(R) : {¢ +— ¢} is isometric isomorphism between " and L?(R). Therefore, with abuse of
notation, we may identify any operator on J#°"' with the one acting in L?(R), and vice versa.
The corresponding projection is then given by

1
(P) (s) = 5 / 6 (s, 1)dt. (4.3.0)
-1
By the projection theorem, we now can decompose the Hilbert space as

% — %const EB%J_ (430)



The projection onto the subspace ;" is subsequently defined by P+ := I — P. In conclusion, by
virtue of the decomposition (4.3), we can express any function ¢ € J4 as

d(s,t) = go(s) + ¢ (s,1), (4.3.0)

where ¢g = @x1 € HF™ and ¢t € H#GL. Moreover the orthogonality of ¢g and ¢+ can be
rewritten as

1
/ ¢+ (s,t)dt =0 for almost every s € R. (4.3.0)
-1

Additionally, if ¢ € W2(£y), we can differentiate the previous identity to get
1
/ qbfq(s,t)dt =0 for almost every s € R. (4.3.0)
-1

In the light of the Hilbert space decomposition, we now can rewrite the inequalities (4.3.4) for
Pe(s,t) = \[@6( s) + (;52‘(8,15).

Theorem 4.3.5. Let f be an arbitrary function from . and ¢. be a function satisfying the
resolvent equation (4.3). Than the following inequalities hold:

leellwrz@ < Cllfllo

o= llo < Cllfllo (1.5.1)
6zsllo < Cllfllo
[¢zllo < Cell flo,

where ||906||12/v1,2(R): ||<PIEH%2(R)+H<P6H2L2(R)

Proof. Using the Hilbert space decomposition we have

1
o= [loats)Pds + [l s.0)Pdst + 28Re [ dsgr(s) [ dvar (s.0)
J J J -1 (4.3.2)

=llecllZ2 ) +oz 113,

where the third term on the right hand side vanishes due to (4.3). Similarly, using (4.3), we have

1
162 2= /m (5)%ds + / 65,5, 1) Pdsdt + 2 Re / 05540 [ a5 (133

:||<IOEHL2(R)+H¢E s O

Since x1 is in fact the constant f’ the partial derivation with respect to ¢ reduces to the perpen-
dicular part and we can write

16e.£13= ll9z2 13- (4.3.3)
From the identities (4.3.2), (4.3.3) and the former inequalities (4.3.4) immediately follows
lpellfrrey = I9e,s13+HI0e 50 15—l 6z l13<
< C[[fllo-

[

Rest of the inequalities can be proved in a similar manner. O



In fact, this theorem yields that ¢ is negligible as ¢ — 0.

Corollary 4.3.6. Under the assumptions in Theorem 4.53.5, the following inequality holds

2
oz lI< =Cell /],
71'

thus ¢ converges to 0 as € — 0 as an element of 7.

Proof. Let us consider the Neumann Laplacian —AS\?M) acting in L? ((—1,1)). Using the varia-
tional characterisation ( [6, Lemma XI-1.1] ), we can estimate its second eigenvalue as

2 /(12 1112
Ay — (I) _ i K% ||2 < K% ”2’
2 pew2((-1,1)), ¥ ll4]]
(¢,X1)=0

where the inequality holds for every ¢ € W12 ((—1,1)) satisfying (1, x1) = 0. Employing the
orthogonal decomposition of /%, we see that ¢ is orthogonal to x1, thus we can write

TN 2
(5) I621P< o2 )2

Combining the above inequality with (4.3.1), we eventually obtain

2
loz- 1< ~Cellf ]l

O

Furthermore, the inequalities (4.3.1) indicate that the set {p. | € > 0} is bounded in W12(R),
therefore weakly precompact in WH2(R), i.e. its closure is compact in weak topology. Hence every
sequence in {p. | € > 0} has a convergent subsequence. Let o denote a weak limit point, i.e. there

exists a sequence {e }; oy such that e —— 0 and
k—o0

Des % o in WUE(R). (4.3.3)
— 00
Now we would like to pass to the limit k¥ — oo in (4.3) with € = €;. The following theorem
shows the limit for test functions ¢ € C§°(R). However, since C$°(R) is dense in W12(R), it can
be consequently extended.

Theorem 4.3.7. Let ¢, € ) be the function defined by (4.3) and let {p, }72, be a sequence
of projections @, = f_llxn(t)qﬁgk (s,t)dt with weak limit @o. Then for every ¢ € C§°(R) following
identity holds:

. . 1
(@a WO)LQ(R) + (QO: [Oé2 - ZQH]@O)Lz(R) + K((pa 900)L2(]R) = ((pa ;,Pf)Lz(R)



Proof. Let g € J#°™" be the test function in (4.3). More precisely, we choose g = g € C§°(R)
which is dense in W12(R). This function is independent of the transversal variable ¢ and can be
rewritten as g(s) = p(s)x1. The resolvent equation (4.3) with the test function g then takes form

s Pep,s g 2ideRtde, s
) 5 e ) V
(hs’ hE )Ek + <h’€’ h& €k + (g7 1¢8k)8k
1

1 .
+? (g,t’ ¢Ek7t)5k + a (97 27/a¢5k,t)gk + (gu ‘/2¢5k)5k + K (gv ¢5k)gk = (ga f)g,C
k

We will prove the theorem by showing the limit term by term.

e Firstly, we will use the Hilbert space decomposition (4.3) to split the first term as

R L — .
<g,s7 ¢5k,s) _ /g,s¢ak,s +/ 97590619(1. (433)
he' he ). he he
Qo Qo
Considering the estimates (4.1), we have 7= — 1 = % < Cey. Therefore we can write

g,S(belk s /7 1 / 1 1

—| = s sPep,s \ 77 1
/ I 9sPers + [ 9s9es \ 3
0 0 0

<Cerllgsll 19z, 1< Cerllg.sll £l

where the first term vanishes due to (4.3) and the last inequality follows from (4.3.1). The
first term in (4.3.7) therefore converges to zero as k — co. The other one can be rewritten as

?,ﬁbale _ . — . 1
= [ §paxat | GPexa| T —1).
he he
o Qo o

The first integral converges to [ g s$ox1 and since the integrand is independent of ¢, it can be
0

rewritten as f¢¢0 = (¢, gbo)LQ(R). The other integral can be estimated by [ G sPer X1 (hi — 1) <
R Qo c

Cerxillg.slll|@e, |l thus it is negligible in the limit. Summing up, we have shown

(9’87 %’S) 222, (@, 90) 2wy -
he' he ek

e Using (4.1), we can estimate h% = —L_— < C. Together with (4.3.4) this estimate yields

l—epte —
( g Qiasktgbskﬁ)
he' he )

2GR tGPe, s _
= /T% < Ceg | [ GPey,s

0 0

<Cerlgll llpe,.slI< Cekllgll [I.f1I-

Hence, the second term converges to zero as k — oo.



The term including the first potential V; can be estimated as

(9, Videy)ei |< Cerl(g, Per)er | < Cerllgll [|de, 1< Cerllgll IIf1],

where the first inequality follows from Lemma 4.3.2 and in the last one we used (4.3.4). As a
result the first term is negligible in the limit.

Since g is independent of ¢, we can immediately write

1
72(9,157 ¢sk,t)sk =0.
€k

The term including the second potential can be rewritten by the definition of V5 as
(g;‘/ngEk)Ek = /a2§¢5k - i/aﬂ§¢€k. (433)
Q0 Qo
Subsequently, we rewrite the first integral as
2— _ 2— 2—
[e?goun. = [a*gon, + [a*goh-1),
Qo Qo Qo
Using the Hilbert space decomposition, we obtain
/ a?gge, h = / a*gpex1 + / a’géz, + / @Gy, (he — 1).
Qo Qo Qo Qo

The first integral converges to [ a?gpox1 and because its integrand is independent of ¢, it
Qo
can be rewritten as ((p,a2¢0)L2(R). The Corollary 4.3.6 states that (bjk LELN 0, thus the

second integral vanishes for k — co. The third term can be estimated by f a?gee, (he —1) <
Qo
Cerllglll|pe, || and since ¢, is bounded by (4.3.1), the integral converges to zero.

The second integral in (4.3.7) can be rewritten as
/ aKGde, = / aKgipe, X1+ / AKGPZ,
Qo Q() Qo

The first term converges to (p, akyg) 12(r) and the second term vanishes by Corollary 4.3.6.

In conclusion, we have shown

k— o0 .
(gv V2¢€k)gk _>—> (903 [0[2 - ZCW{}QD())LQ(R) .

By the same arguments as in the previous case, we see that

k
K (9, 92)., =22 K (g, 0) L2 ()-



e The term on the right hand side can be rewritten as

(9. )., = Q/ if + Q/ §f (he — 1),

As in the previous cases, the second term converges to zero. The first integral is independent
of i, thus it does not vary in the limit. Since the function g is independent of ¢, it can be

rewritten as [ Xl% (fil f(s, t)dt) ds. Recalling the definition of the projection P onto the
R

const

subspace ¢ , we finally obtain

k—o0

1
(9, f)e, — (o, ;’Pf)LQ(R)-

e The last and the most difficult step is to show that the remaining term

1 ) 1 A k—oo
- (9,2i00e, 1), = a/?zag¢5k7ths 2720, (4.3.3)
Qo

To prove it, we return to the equation (4.3). We choose here G(s) := a(s)g(s)t as the test
function and multiply the whole equation by € to get

igtde,s + agte,s | . o L
E/ag (b’ +ag (b’ +2252/aat29¢5,s+5/Vv1h€atg¢6+g/ag¢6,the
Qo

he
Qo Qo Qo

+2i / Q*tgoe the + ¢ / Voagtd. + Ke / agto.h. =€ / agtfhe.
Qo Qo Qo Qo

By the same arguments as in the previous cases, we conclude that all the terms on both sides

of the equation (4.3.7) except for % f agoe.the tend to zero as € — 0, thus
Qo

1
lim — [ ag¢ethe =0,
e—=0 €
Qo

which is the desired limit (4.3.7) up to the constant 2i.

Since we showed the limit for any g(s) = ¢(s)x1 € C5°(R), we can say, that the identity holds for
every ¢ € C§°(R). O

Since C§°(R) is dense in W12(R), the obtained identity extends to ¢ € W2(R). Hence ¢y is
the solution of the one-dimensional equation

(_sz + a?(s) —ia(s)k(s) + K) ¢o(s) = f(s) inR.

This equation can be regarded as an action of the operator Heg + K, where
d2

Heg := T ds?

+a? —iak (4.3.3)



is the operator in L?(R) associated with the quadratic form

heff[(P] = |‘@||L(R)+ ((P, [a2 - iaﬁ](p)L2(R)
Dom(heg) = WH2(R).

Since the same result is obtained for any limit point, we have proved
pe —— o, in L*(R);
k—o0

oF —2— 0 in S
k—o0

That is
¢ —— X100 + 0 in H
e—0

with respect to the decomposition % = J°"t @ ;. Recalling the definition of ¢., we can
summarize this section in the following corollary.

Corollary 4.3.8. Let H. be the operator defined by (4.2.5) and H.g be the operator defined by
(4.3), then H. converges to H g in the weak resolvent sense, i.e.

-1

-1
(ﬁau() fﬁ(Heﬁ—&—K) (Pf)+0 in .

This result takes into account that the operators act in different Hilbert spaces.



Chapter 5

Conclusion

We were interested in spectral properties of a curved planar waveguide, subject to Robin boundary
conditions. We defined the Robin Laplacian using the theory of sectorial forms. We found the
spectrum of the Robin Laplacian in a straight planar strip and we mentioned the Dirichlet and
Neumann Laplacians as the limit cases. As a main result, we proved that the non-selfadoint Robin
Laplacian in a curved planar strip converges to the self-adjoint effective Hamiltonian Heg in a
weak-resolvent sense as the width of the strip tends to zero. The problem that the operators act in
different Hilbert spaces was solved by the Hilbert space decomposition.

There are several direction in which this thesis can be extended. First of all, we expect that
the convergence actually holds in strong or even norm-resolvent sense. Additionally, we embedded
the strip in the space R? but it is possible to define it on a Riemannian manifold using the Fermi
coordinates. The strip then represents a thin layer and its spectrum depends not only on the
curvature of the strip but also on the curvature of the manifold. Lastly, we can extend this result
to higher dimensions.
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