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Abstract

In this work we present some uniqueness and cloaking results for a related pair
of inverse problems. The first concerns recovering the parameter g in the Bessel-

type operator pencil, over L?(0, 1; rdr), formally given by

_%% (r%u(r;fl)) +q(Mu(r; A) = Aw(rju(r; A) 0<r<1)

from (a generalisation of) the Weyl-Titchmarsh boundary m-function

_u’(l;/\)

D= um

We assume that both w and g are singular at 0. We prove g is uniquely deter-
mined by the sequence m(-n?) (n = 1,2,3,...), using asymptotic and spectral
analysis and m-function interpolation results. For corollary we find, in a half-
disc with a singular “Dirichlet-point” boundary condition on the straight edge,
a singular radial Schrodinger potential is uniquely determined by Dirichlet-to-

Neumann boundary measurements on the semi-circular edge.

The second result concerns recovery of three things—a Schrodinger potential
in a planar domain, a Dirichlet-point boundary condition on part of the boundary,
and a self-adjointness-imposing condition—from Dirichlet-to-Neumann measure-
ments on the remaining boundary. With modern approaches to the inverse con-
ductivity problem and a solution-space density argument we show the boundary
condition cloaks the potential and vice versa. Appealing to negative eigen-value

asymptotics we find the full-frequency problem has full uniqueness.



Dedication

Writing a thesis, even so modest as this example, is no mean feat, as anybody
who has done so will undoubtedly attest. Yet without the help I have received
the result would have been indubitably meaner and cruder. For that reason I
will remain indebted to many people. Firstly, I thank Professors Marco Marletta
and Malcolm Brown, my supervisors, for their patience with my endless ques-
tions, their invaluable feedback on my work, their encouragement and knowl-
edge, their continually insightful ideas, and their consistently incising questions,

which separated the wheat from the chaff.

I thank my parents Bridgit and Nick, my step-parents Elke and Henry, my
brother Henry and all the rest of my closer and extended family, for their bound-
less support, in the good times and bad, as well as an upbringing that led me to
question everything with which I am presented and only to believe that which I
have personally verified. Moreover the endless laypersons” questions are always
deeply appreciated! I will be forever grateful to my housemates, friends and col-
leagues, present and past—you are too many for me to name all and not forget
one or two—for the stimulating and fun environments shared, knowledge and

jokes exchanged, and life advice freely offered.

I thank the Engineering and Physical Sciences Research Council for funding
my studies these four years, and Cardiff University and the School of Mathemat-
ics for hosting me as I conducted my research. I also thank my lecturers and
teachers, for exciting and challenging me, thereby stoking the flame of my pas-
sion, as well as the School administrative staff for their kind help at all hours and
at the shortest notice, especially Catherine, Vicky, Alastair, Jonathan, Rob and
Paul.

ii



AR\

I offer deep gratitude to Professors Karl Michael Schmidt and Sasha Pushnit-
ski, my examiners, for the many improvements due to their valuable comments,
and I give many thanks to my proof-readers: in particular to Dr. Christoph Fis-
chbacher for his detailed and indispensable suggestions, as well as the many

mathematical and philosophical conversations shared over more than one beer.

And finally, I thank Chiara, for her infinite kindness and wisdom, her patience
and optimism, her inspiring yet pragmatic ideas, the laughter and love shared,
and especially the physical and soul food that kept me writing through many a

long evening.

iii



Contents

iv

Introduction to inverse problems
1.1 The inverse conductivity problem . . ... ... ... ........
1.2 Singular boundary conditionsand pencils . . . . ... ... ... ..

1.3 Outline . . . . . . . . s

Preliminaries and existing work

21 Spectraltheory. . .. ... .. ... .. .. ... .. L.
2.2 Weyl-Kodaira-Titchmarshtheory . . . . . .. ... ... ... ... ..
2.3 Inverse spectral theory: one-dimensional review . . . . ... .. ..

2.4 Calderdn’s inverse conductivity problem . . . ... ... ... ...

Second-order linear pencils and discrete data
3.1 Problem definition and outline . . .. ... ... ... ... ....
3.2 Pencil-limit-point and -limit-circle behaviour . . . ... ... .. ..

3.3 Interpolation of m-functions . . . . . ... ... .. ... 0L

13

19

20

27

32

37

49



AR\

3.4 Uniqueness theorems for the inverse problem . . . . . ... ... ..

3.5 The Berry-Dennis problem . .. ... .................

4 Partial data in two-dimensional domains with boundary singularities
4.1 Problem definition . . ... ... ... ... ... ... . . ...
42 Unique continuationand density . . . . ... ... ... ... ...
43 Aweightedsumofg-values . . . . ... ... .......... ...
4.4 Single-frequency cloaking . . . .. .. ... ... ... ... ...

4.5 Fullfrequency uniqueness . . . . . . ... ... .. ... ... ...

5 Further work

Appendices
A Herglotz functions . . ... ... ....................
B Bessel functions . . . ... ... ... o
C  Asymptotics for Sturm-Liouville problems . . ... ... ... ...

D  Numerical procedures . . ... ... ... ... ... ......

Bibliography

99

143

148

148

152

155

163

173



"Trhéuary’, dhho uev adTog EVL Qpeat ofjol voroele, 8hho Be xal Baiuwy

unotroeton.”
— Opnpoc
"Telemachus, some things you will think of yourself, and others the gods
will put into your mind.’

— Homer!

FA94vn, or Athena, in ‘OdVoozLa, or Odyssey, Book 111, Line 26 (ca. C8 BCE)



Introduction to inverse problems

‘Can one hear the shape of a drum?’

— Mark Kac'!

“Definition”. We call two problems inverses of one another if the formulation of each
involves all or part of the solution of the other. Often, for historical reasons, one of the two
problems has been studied extensively for some time, while the other is newer and not so
well understood. In such cases, the former is called the direct problem, while the latter

is called the inverse problem.

This oft-quoted definition'? was first put down by Keller [76]. Examples of
inverse problems arise naturally in physics, though only within the last century

has their framework become mathematically well formalised.

Such physical examples range from the famous (X-ray tomography, ultra-
sound computer tomography) to the lesser-known (electrical impedance tomog-

raphy (EIT), land-mine detection, inverse wave scattering) or the abstract (“hear-

11The American Mathematical Monthly, (1966) [74].
12'Definition’ is intended here with a looser, not-necessarily-mathematical meaning.
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ing” shapes of resonators). Since the first X-ray images of internal physiology,
there has been great medical interest in developing techniques for non-invasive
imaging. More generally, the determination of material properties or object lo-
cations from scattered radiation or far-/near-field effects has manifold applica-
tions, including but not limited to astronomy, flight control and military systems,
oceanography and geological surveying'®. Much time and resource has been in-
vested in developing methods of recovery of such material properties, usually
involving numerical procedures applied to measured data, which return mathe-

matical models describing the desired properties.

Of paramount importance, however, is assurance of the uniqueness of the re-
covered solution. Without such a guarantee the recovery efforts may turn out to
be in vain. If the recovered “solution” is radically different from the real answer,
yet both return the same measured data, there could be inconvenient or even dis-
astrous consequences such as faulty prediction of extreme weather, malfunction-
ing flight equipment or failure to locate a malignant tumour. On the other hand,
there has been a recent surge of interest in the concept of invisibility cloaking and
its applications, which is an example exhibiting precisely the non-uniqueness that
could cause so many problems in the aforementioned cases. A great deal of effort
has recently been made to realise the theory of cloaking in practical terms, and
the interested reader is directed to the substantial and detailed review of this, and

the underlying theory, available in [59].

As worthwhile and popular as recovery procedures and practical cloaking
devices are, in this thesis we will focus almost entirely on the mathematical is-

sue of uniqueness, in the case of some newly formulated and connected inverse

13 A selection of detailed review articles or books covering these particular topics is as follows:
X-ray tomography [97], ultrasound tomography [43], EIT [105, Ch. 12], landmine detection [96],
inverse scattering [1], hearing the shape of a drum [74], astronomy [39], flight control/simulation
[106], oceanography [138] and gravimetry [141]. Of course these topics are not the focus of this
thesis, and are simply included for the reader sufficiently interested to read further.

2
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problems. By way of a preliminary introduction we will now describe in Section
1.1 one of the earliest inverse problems mathematically related to our new work.
This will illustrate the concerns faced by those working on problems of this na-
ture, motivating a general definition of solvability. Subsequently, in Section 1.2
we will outline the novel problems worked on in this thesis. To conclude the
chapter we will describe in Section 1.3 the structure of the rest of the thesis and

provide a list of symbols defined.

1.1 The inverse conductivity problem

In the 1940s the engineer A. P. Calderén worked for the Argentine state oil com-
pany, Yacimientos Petroliferos Fiscales. Whilst there he conceived the problem
of determining the conductivity in a medium from measurements of current and
voltage made at the boundary of said medium. His original aim was the location
of oil reserves, but the ideas generated in response to his problem have found
numerous other applications, notably in EIT'#, for example in locating malig-
nant tumours, known to have a different conductivity to surrounding healthy
tissue. For a recent detailed survey of Calderén’s problem, focusing on analytic

approaches to uniqueness, see [129].

Consider a volume () of material in the Earth’s crust, with surface boundary
denoted I', a subset of the full boundary JQ of Q). Calderén envisaged embedding
electrodes at a grid of points on I, passing an input set of currents through the
electrodes into the crust, and then measuring the resulting potential differences
between pairs of points in an interspersed grid on the surface. From these mea-

surements he hoped to determine the material conductivity in the entire volume.

14t is worth pointing out for the attentive reader that strictly speaking tomography involves
reconstruction from “slices” through the medium, by which definition EIT is a misnomer. The
name has stuck by historical convention. For a brief discussion of this issue and a detailed survey
of some numerical approaches, see [93].



1. Introduction
G

This set-up is a discrete approximation to inputting a current function all over
the continuous surface, and measuring on the same surface the voltage function.

This is mathematically formalised as follows.

The input current function  is set to be the normalised normal derivative on
I' of the voltage density in the volume (), and the output voltage then represents
the restriction of this voltage density back to the surface. Making such a measure-

ment is equivalent to solving the conductivity boundary-value problem

-V-(yVu) = 0 in Q,
u = 0 on JQ\T, (1.1.1)
yo,u = h on T

for the voltage density u in all of (), then restricting to u [r. Repeating this process
for every (admissible) i produces in this case what is called the current-to-voltage
map on[; in general such a map is referred to as a Neumann-to-Dirichlet map, as
it maps the normal derivative, called the Neumann data-set, to the trace, called

the Dirichlet data-set. In modern notation, this is usually denoted N, r : h — u [r.

More generally, Q is taken to be a bounded domain in IR”, with a sufficiently
smooth boundary dQ (usually, though not always, Lipschitz) containing the con-
nected and (relatively) open subset I', referred to as the accessible boundary. The
conductivity y is assumed to be positive and uniformly bounded from above and
below. For mathematical reasons one usually prefers to work with the negative
of the inverse map, called Dirichlet-to-Neumann, and denoted A, r. With these
considerations A, r is well defined on the domain H"/*(T') and has range the dual

space H'/?(T'). Calderén’s problem, then, is thus:

Inverse Problem. Given the map A, r, recover the conductivity y everywhere in ().

Whilst there has been prolonged and deep study of this problem and the ram-
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ifications of results concerning it, for brevity of this introduction we save our
survey of the state-of-the-art for Section 2.4. Instead we outline two key features.

The first is explained by the following example.

Example 1 (Alessandrini, 2007 [5]). Let Q3 = B1(0) be the ball in R" with centre 0 and
radius 1, and set y(X) = 1+ X, ,(ee))(X) for every 0 < & < 1/4, wheree; = (1,0, .. )L
Then

Vo = Vel =1 (0 <e<1/4).

For each 0 < ¢ < 1/4 define A, o : H/?(9Q) > h +— —d,u, € HV?(9Q) where u,

solves
-V-(y:Vu,) = 0 in Q,

U, = h on JQ.
As is proven in the reference, one can show that there are constants C > 0and 0 <6 < 1
such that

I1Ay000 — Ay oall sinrea)-a-rea)y < Ce® (0 < e < 1/4).

The above example demonstrates there can be instability in determining y
from A, r in the L*-norm, even when we take data on the full boundary. How-
ever, we have the following pair of theorems, describing the second aforemen-

tioned feature.

Theorem 1.1 (Caro-Rogers, 2016 [36]). Let n > 3 and QO C IR" a bounded domain so
that dQ is Lipschitz. Suppose y1 and y, € C*Y(Q), and are both bounded from below by
c>0.If Ay 00 = Ay 00 then yy = ys.

Theorem 1.2 (Astala—Péivéarinta, 2006 [9]). Let Q C R? be a bounded domain. Sup-

pose y1 and y, € L*(Q) and both are bounded from below by a constant ¢ > 0. If

AV1,3Q = A)/z,z?Q then V1 =72

These theorems' establish uniqueness of the conductivity from knowledge

15They are, at the time of writing, the best results yet for full-boundary uniqueness. For a

5
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of the Dirichlet-to-Neumann map on the whole boundary.

Calder6n’s problem illustrates a property common to many physically in-
spired questions, namely failure of the solution to satisfy one or more of the three
given criteria: existence, uniqueness and stability. In particular inverse problems
frequently act in this disagreeable fashion. We now give a definition to formalise
these concepts. We use a general classification of many problems (e.g., mathe-
matical or physical in nature) given succinctly by Hadamard [64] and which can

be written as follows:

Definition 1.1. Suppose U and V are topological spaces, and T : U — V is a continuous
mapping between them. We consider the problem of finding u € U given some v € V
(called the data) such that T(u) = v. We say that this problem is ill-posed if any of the

following three conditions are violated:

1. a solution always exists, i.e., for each v € V there is u € U such that T(u) = v;
2. any solution is unique, i.e., if T(u1) = T(u) for some uy and uy € U then uq = uy;

3. any solution u depends continuously on the data v, i.e., if there are u € U and
v € V with T(u) = v, then for any open set O C U containing u there is an open

O C V containing v such that O € T(O).

If all are satisfied then we say the problem is well-posed.

Whilst well-posed problems are the easiest to understand and solve, common-
ly—as observed above, in at least one key example—in physics and applied math-
ematics one encounters ill-posed problems. There are various methods of ap-
proaching the latter, usually involving some techniques for restoration of well-
posedness. We will not study these techniques, however the methods can be

found in the literature, e.g., [48, 104, 126].

review see Section 2.4.
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e
1.2 Singular boundary conditions and pencils

We now outline, briefly and roughly, the original problems of this work, which
are linked to Calderén’s in the following way. Consider again the conductivity

boundary-value problem (1.1.1), and let y be a twice continuously differentiable

conductivity on Q. Then with the substitutions
u=y", g=y1PAYN g =912 (1.2.1)

we may derive the Schrodinger form of (1.1.1):

(-A+qgw = 0 in Q,
v =0 on I,
v = ¢ on I

The Dirichlet-to-Neumann operator on I' may then be realised as the map

Agr: HY(T) > g+ —d,v [re HVA(I).

In 2008 Berry and Dennis [21] considered the Helmholtz equation

—Au=kKu onQ

where the two-dimensional Q) is one of two domains: the unit disc D or the upper
half-plane H. They imposed the following boundary condition, written using,

respectively, polar and Cartesian coordinates:

x(O)u(1, 9) + du(l, 9)

0 (8€[0,2m), Q=D,

k(x)u(x,0) — dyu(x,0) 0 (x € R), Q=H,



1. Introduction
G

where « is real-valued and 27n-periodic. Then they made a crucial observation:
when « is allowed to have a (non-empty, discrete set of) simple pole(s), the spec-

trum of the associated operator'®

D(L.q) := {u € L*(Q) | Au € L*(Q), (xu + d,u) [s0= 0},

Liou := —=Au,

fills the real line, and entirely comprises eigen-values of L, o. This would be con-
tradictory if L, o were self-adjoint'’, since the eigen-functions of a self-adjoint

operator must be countable.

Marletta and Rozenblum offered a resolution to the “paradox” in 2009 [99],
showing that a related operator is not actually self-adjoint by working roughly as

follows. Consider the special geometry of the unit half-disc'®

Q :{(x,y)€R2|x2+y2<1,x>O}

with boundary dQ; divided into the straight portion I'y and semi-circular I';:

I ={0,yye (=1L}

T ={(x,y) | +y*=1,x> 0}

Then, for a fixed ¢ > 0, the operator

D(¢) := {U € L*(Qy) | AU € L*(Qy), U I1,= 0, (U + ey, U) Ir,= 0},

U = -AU, (1.2.2)

admits decomposition, via separation of variables, into the orthogonal sum of

16We will more precisely define what we mean by operators on Hilbert space in Section 2.1.
17See Section 2.1.
18The notation is for consistency with Chapter 4.
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ordinary differential operators

D(£o) = {u € LX(0, 1;rdr) | r—l(m'(r))' + 7272 € LX(0,1;vdr), u(1) = 0},

1d

d 1
Lou(r) := PP (rd—:l(r)) — @u(r),

D(¢,) := {u e L*0,1;rdr) | r‘l(ru’(r)), —n?r? e L*0,1;rdr), u(1) = 0},

2
u(r) = —%% (r%(r)) + ’:—2u(r) (n>1).

Their key observation is that of all the ¢, only ¢ is not self-adjoint, possessing a

one-dimensional deficiency space'”’.

To find self-adjoint restrictions of ¢ they added a boundary condition to the
definition of £y. Taking the function uy(r) = sin (8_1 log(r)) from the kernel of ¢

they formed the new operator

D(&y) := D(€o) N {u € L*(0, 1;rdr) | [u, uol(r) — 0 (r — 0)},

1d{ du 1

Lou(r) == PP (ra(r)) - ﬁu(r). (1.2.3)

Here [u, v](r) := r(uv’ — u'v)(r) is the associated Lagrange bracket. Then the or-

thogonal sum of £) and £, (n > 1) generates the self-adjoint partial differential

operator

D) = {u e LX) | AU € LX), U I1,=0 = (U + eyd,U) Ir,, le upAU = 0},

U =-AU

We may add a real-valued Schrédinger potential''’ g to form the boundary-

19The reasoning behind this and the other claims in this section will be given in Section 3.5.
1107t will be taken from a class of functions to be defined more precisely in Chapter 3; in partic-
ular, we will allow g to be singular as its argument approaches 0.
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value problem
(FA+qU = 0 in Qy,
U+eydU = 0 on Iy,
(1.2.4)
[LI/ uO] = 0 at 0/
u = g on Ii

Provided 0 is not in the spectrum of the operator underlying this problem'",
(1.2.4) uniquely determines a solution u for each ¢ € H/2(T), since said operator
is a self-adjoint perturbation of ¢’. Thus we may form the Dirichlet-to-Neumann

operator A, : H/*(I}) 3 g > —d,u [r,€ HV3(TY).

Now suppose this Schrodinger potential is radially symmetric, g(x) = g(|x|).
Then the separation of variables decomposition may again be performed, and one
tinds that in the basis of angular eigen-functions on I'; the Dirichlet-to-Neumann

operator A, r, takes the form of the diagonal matrix

m(-Ao) 0 0
0 1’11(—/\1) 0
0 0 Wl(—/\z)

in which the diagonal terms are all point evaluations of (a suitable generalisation

of) the Weyl-Titchmarsh m-function for the problem

_%(1’1/!’(7’;/\))’+q(r)u(r;/\) = /\%u(r;/\) (re(O,l)),
SALu](r) S0 (r = 0).

(1.2.5)

Here SA[u] denotes the Lagrange bracket [u, uo](r) = r(uug — u'u)(r) if the ordi-

I1For the class of g considered in this work, this operator has discrete spectrum. Moreover
regarding the inverse problems considered, it does not matter whether we recover g or ¢ — A for
some fixed A, meaning for our purposes we can translate 0 out of the spectrum of this operator;
see the hypothesis on p. 114.

10
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nary differential equation has two dimensions to its L2(0, 1; rdr)-solution space,
whilst it is identically 0 if not''?; the A, are angular eigen-values for the operator
underlying (1.2.4) and are given by the sequence Ay = —¢7%, A, = n? (n > 1). The
m-function is then defined (for any A € C\RR) to be m(A) = —u'(1; A)/u(1; A) for any

non-trivial solution u(-; A).

As we shall see, the ordinary differential problem (1.2.5) may be written using
a pencil of operators. Roughly, the operator L, whose action on u(r) is formally
given by —%(ru’(r))’ + q(r)u(r), and Py, whose action is the multiplicative ylzu(r),

densely defined over the Hilbert space L*(0, 1; rdr), may be assembled into
(L = APo)u(- ;1) =0,

which is formally identical to the differential equation in (1.2.5). If we could de-
termine g from knowledge of m(-A,) for every n then we would have solved
the inverse Schrodinger problem in this case of special geometry and singular

boundary condition.

More generally, we can consider the multiplicative operator formally pre-
scribed by Pu(r) = w(r)u(r) where w(r) = r‘V(l + 0(1)) and v is some non-negative
parameter. The pencil it generates, L — AP, turns out to behave similarly over
L*(0,1;rdr) to L — AP,. Inspired thus, the first inverse problem we will consider is

as follows:

Inverse Problem 1. Let m(—A,) be given for each n > 0, and w(r) be known to satisfy
asymptotic equivalence with r=" for some v > 0 (in particular, w is not necessarily known

exactly, although its growth parameter v is). Determine q in the interval (0, 1).

The following is then related to Inverse Problem 1, so we will also examine it.

112These cases are traditionally referred to as limit-circle and limit-point. A classical introduction
to the terms is in Section 2.2, whilst the details of the case at hand may be found in Chapter 3.

11
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Inverse Problem 1'. Given A,r,, recover q in €.

Another class of problems we will consider is thus. We take the boundary-
value problem (1.2.4) and “embed” its spatial domain €); into the larger (), with
g now only being radially symmetric in (); and more arbitrarily specified else-
where. Again, we take dQ to be sufficiently smooth, and I" a connected subset of
dQ. We require moreover that I N T'; = 0, and we extend f(y) = ey to the rest of
JO\T so that it presents no simple zeros. Next we take not only u, from earlier
but also vy(r) = cos (8_1 log(r)), and let § € R parameterise the boundary condi-
tion [u, ug + Bvol(r, 9) — 0 (r — 0). Now our Dirichlet-to-Neumann operator takes

the form A, 4 : HY*(T') 3 ¢ = —d,u Ir€ H™*(Q) where u uniquely solves

(—A+qu
u+ fou

Il
e}

in Q,

Il
o

on JO\T,

[u,ug+Bv] = 0 at 0,

u = g on I.

Thus, the second inverse inverse problem we will examine is as follows:

Inverse Problem 2. Let A, r4 be given. Determine the potential q, the singular bound-

ary condition f and the self-adjointness-imposing condition p.

Most of the purpose of this thesis is to investigate the question of uniqueness
for both Inverse Problems 1 and 2. Without giving away the spoiler of our meth-
ods, we simply state now that we will find an affirmative answer for the first and
a conditional answer for the second. The latter we interpret as being a cloaking
result, in which choosing f appropriately may “hide” the g to which it is adjoined.
The final inverse problem considered in this work aims to restore full uniqueness

to the triple (g, f, ). We achieve this by introducing a spectral parameter to the

12
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problem, thus modifying our input data and consequently Inverse Problem 2.
Consider the full-frequency spectral Dirichlet-to-Neumann map A(A) := A, g,

mapping H(T) 3 ¢ —d,u(-; A) Ire H™V*(T) with u(- ; A) uniquely solving

(~A+qu(-;A) = Au(-;A) in Q,

—fou(-;A) = u(;A) on JO\T,
[u(-; A), up + Bvol = 0 at 0,
u(-;A) = g on T.

In the final stages of the thesis we will prove a full uniqueness theorem for the

following;:

Inverse Problem 2’. Let A(A) be given for every A € R. Determine q, f and p.

1.3 Outline

The remaining work is roughly divided into three parts. The first, Chapter 2, con-
tains the introduction to the necessary preliminary material for understanding
the other two parts. We will briefly run through the parts of the spectral theory
of self-adjoint operators in a Hilbert space that we will need later on. The focus is
on the finicky question of self-adjointness, and in particular the realisation of self-
adjoint restrictions of symmetric operators. A great role will also be played by
the spectral theorem for diagonalisation of self-adjoint operators. Following this,
we will need to describe roughly the techniques for analysing one-dimensional
second-order formally symmetric boundary-value problems, usually referred to
as Sturm-Liouville type, since we will need to adapt such techniques to our situa-
tions. Specifically we will briefly cover the ideas developed by Weyl, Kodaira and
Titchmarsh [134, 135, 136, 78, 127] for classifying such equations by the number

of linearly independent solutions.

13
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A natural and useful continuation of this line of thought is into the inverse
spectral theory of Sturm-Liouville problems. We will need to run through the
state-of-the-art regarding the uniqueness theorems for this, which are named af-
ter Borg and Marcenko [23, 101]. In particular we will focus on the recent ap-
proach by Avdonin, Mikhaylov and Rybkin [14] using boundary control meth-

ods, as it will play an important part in our own proofs.

We conclude the preliminary work with a survey of the work on uniqueness
for Calderén’s problem, starting in three dimensions and moving down to two, in
which our last two inverse problems lie. In two dimensions we will concentrate
on the recent work of Imanuvilov, Uhlmann and Yamamoto [67], who examine

recovery from partial data, and to whose work our own problem is linked.

The second part of the three, in Chapter 3, is a detailed exposition of original
work on the aforementioned second-order pencils, namely a proof of uniqueness
for Inverse Problem 1. We develop a classification, analogous to that of Weyl-
Kodaira-Titchmarsh, by which we may classify such pencils by the dimension
of their solution-space. This allows us to define our boundary data rigorously,

represented here as a single m-function.

As mentioned in our introductory descriptions, we want to recover the co-
efficient of a differential equation from discrete values of the m-function. Our
method is via interpolation of the m-function from these values; in a certain clas-
sical case an interpolation formula exists, and we will simply derive another ver-
sion of it for a different case. The final proof of uniqueness will follow by ap-
propriately transforming our differential equation and then applying the Borg-
Marcenko theorem. To conclude the chapter we will link the result back to the

inverse problem inspired by the Berry—Dennis-Marletta—Rozenblum work.

In Chapter 4 we will disseminate the third and final main part. To start with
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we will define precisely the underlying boundary-value problem for which In-
verse Problems 2 and 2’ are defined. Subsequently we will define special oscil-
latory solutions to the boundary-value problem, and we will need to show den-
sity of these in a “fuller” set of solutions. These results, along with an adapted
version of some of the Imanuvilov-Uhlmann—Yamamoto theorems, will prove

conditional uniqueness—or, alternatively, cloaking—for Inverse Problem 2.

To draw a satisfying close to this conditional uniqueness, we will spend the
remainder of that chapter developing an argument involving the asymptotics of
negative eigen-values. This will establish a proper uniqueness result for Inverse
Problem 2’, in the case of full-frequency data. Finally, in Chapter 5 we will offer

our concluding thoughts on the work as well as ideas for future research.

In the Appendices we will collect some important results that would have
otherwise detracted from the coherence of the presentation in this thesis. Some of
these are novel and necessary to a complete understanding of the original work
here, whilst others are simply existing results, either with the proof omitted and
referred to, or included in a hopefully clearer style. Also attached is a collection

of MATLAB codes that were utilised to illustrate the cloaking in Chapter 4.

We assume the reader is familiar with basic concepts in complex analysis
(holomorphy, contour integration, residues, etc.), spectral theory on Hilbert spaces
(spectrum, adjoint, compactness, resolvent sets and operators, extensions, spec-
tral theorem), the theory of ordinary differential equations (unique continuation,
fundamental systems, Wronskians, transformations) and the theory of partial dif-
ferential operators (in particular Sobolev spaces of integer and non-integer or-
der). Although we mention in passing some concepts—for example, pseudo-
differential operators—familiarity with them will not be necessary. Since there is
often variability in different authors” notation, and since we also introduce some

new notation, for the rest of this introduction we fix a list of symbols and notation.

15



1. Introduction

Dramatis Personae

int(A) -

dA -

Q// QO/ Ql/ QZ -

T,I",T, -

T, -
zZf-

\/T_

16

the natural numbers 1,2, 3, .. .;

apoint (xi,...,x,)" in R%;

an n-tuple (zy, ..., z,)" of complex numbers;
the transpose of a vector x or matrix A;

the scalar product of two complex n-tuples z and w, given by

Z1Wy + ...+ Z, Wy

the topological closure of A € RR”, i.e., the intersection of all

closed sets containing A;

the topological interior of A C IR", i.e., the union of all open sub-

sets of A;
the boundary of A c R" defined to be A\int(A);

a bounded domain, i.e., an open, simply connected, bounded

subset of R”; in IR? also a domain in C via (x1, X;) < X1 + ixy;
subdomains of (), i.e., subsets that are domains;

connected subsets of boundaries dQ, d(Y, etc., taken to be open
with respect to the (n — 1)-dimensional manifold topology of the

boundary;
the relative interior of the complement in dQ of I;
the complex conjugate of the complex number z or function f;

the square root in C, with branch cut on (0, +o0);
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Code Il e -
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a measure on IR, or increasing function; Lebesgue measure on IR

and R";

one-dimensional derivatives with respect to x, 7, etc.;

- partial derivatives: in R" with respect to the Cartesian variable

xj, and in IR* with respect to the polar variables r and 9;

derivative operations in C: given, in terms of Cartesian coordi-

nates x; and x,, by (d1 —id»)/2 and (d; + id»)/2;

the del operator in R", returning (d,, ..., d,)7, and the Laplacian

in R", givenby V - V;

the normal derivative on a C' part of the boundary of a spatial
domain, defined to be v - V where v is the outward-directed unit

normal to said boundary;
Dirichlet-to-Neumann operators on I';

the spectral Dirichlet-to-Neumann operator on I' for Berry—Dennis-

type and self-adjointness-imposing boundary conditions on I';;
usually a Hilbert space;

the inner product and norm on H, the former linear and conju-

gate linear in respectively the first and second slots;
the Hilbert-space adjoint of a linear operator T;
spectral parameter;

the spectrum of a linear operator T;

the isolated eigen-values of T with finite multiplicity;

the resolvent set of T.
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Preliminaries and existing work

“The beginner [...] should not be discouraged if he finds that he does not have

the prerequisites for reading the prerequisites.”

— Paul Halmos?*!

We will deal with inverse problems of both a spectral and non-spectral na-
ture. In this chapter we will present much of the material requisite to a broad
understanding of some differential problems in these areas. Broadly speaking,
this will include a brief reminder of some elements of spectral theory, including
the famous spectral theorem for self-adjoint operators, von Neumann'’s theory of
self-adjoint realisations, as well as the concrete example of these that is the anal-
ysis of second-order ordinary differential operators. The first two are covered in
Section 2.1 and the third in Section 2.2. To maintain a light tone in these sections
we will focus on illustrating the results with examples. In Section 2.3 we review
developments in the inverse spectral theory of Sturm-Liouville operators, with a
focus on some recent results. We conclude the chapter in Section 2.4 by examining

developments regarding the aforementioned inverse conductivity problem.

21 Measure Theory (1950).
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2. Preliminaries

2.1 Spectral theory

Everything in this section can be found in any “good” reference on the topic. In
the author’s opinion one of the most lucid texts is Reed and Simon’s treatise on
mathematical physics, and in particular the first two volumes [116, 115]. Other

good options include [92, 47, 19].

First, we remind the reader what we mean by spectrum, and the various ways
it may be decomposed. Consider a linear operator T, closed, densely defined and
mapping between Banach spaces X and Y, i.e., T : D(T) — Y with W = X. The
spectrum of T is the set o(T) comprising all A € C such that T — A fails to have a

bounded inverse. We also refer to C\o(T) as the resolvent set of T, and denote it
o(T) :={A € C|T — A is boundedly invertible on all of Y}.

Spectral theory consists largely in the study of the relationship between T and
o(T), alongside certain other spectral quantities. There are many different types
of spectrum that can be defined, all of which have different qualitative properties
and arise, roughly speaking, from consideration of how “badly” T fails to have a
bounded inverse. We will describe a simple decomposition, parts of which play

some role in later calculations.

We say A € C is an eigen-value for T if there is v € X with Tv = Av or equiv-
alently, if T — A is not injective (it has non-trivial kernel). Such a v is called an
eigen-vector for T. Corresponding to each eigen-value A there is a subspace of
X whose elements are all the eigen-vectors corresponding to A. The dimension
of this subspace is termed the (geometric) multiplicity of A; an eigen-value with
multiplicity one is called simple. The set of all eigen-values A of T, with finite

multiplicity and a neighbourhood containing no other spectrum of T, is called

20



Spectral theory
e

the discrete spectrum and is labelled 04(T).

For its utility, we also refer to
Oess(T) = U(T)\ad(T)
as the essential spectrum. By mutual exhaustion, we have the disjoint unions

o(T) U 04(T) U 0ess(T) = o(T) U o(T) = C.

We restrict our attention to Banach spaces possessing an inner product, known
as Hilbert spaces. Let H be a separable Hilbert space with inner product (-, -)x, by
convention conjugate linear in the second entry, and corresponding norm ||h||y :=
(h, h);{z. Further, let T be a linear operator densely defined on H. Consider pairs

(g, ¢") of elements of H that satisfy*?

(Tf,9u ={f.gm (f €DD)

By density of D(T), to each g € H there is at most one such corresponding g*; this
can also be concluded from Riesz’s representation theorem. Hence this defines a
linear map T : ¢ = ¢* on the subspace D(T*) comprising all g for which there

exists such a ¢*. T" is called the adjoint of T.

T is called self-adjoint if it equals its adjoint, i.e., T = T", and in particular
D(T) = D(T"). This is a stronger condition than symmetry—usually written as
T =T Ipm), or T € T"—and in general is a difficult property to verify. All self-
adjoint operators have wholly real spectrum [115, Thm. X.1]. The same might not

be true of symmetric operators.

Example 2. Consider the Hilbert space H = L*(0, 1), and the operator T = i<k acting on

22There is always at least the pair (0, 0).
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the densely-defined domain®> D(T) = {u € L*(0,1) | v’ € L*(0, 1), u(0) = 0 = u(1)}. This
operator is symmetric, since for each u and v in D(T) we have the integration-by-parts

formula

1 1
(Tu,v)y = f (in')o = i[uv]; - if uv = (u, To)y.
0 0

Now assume A € o(T) and consider f € L*0,1). Then there is u € D(T) satisfying

(T — AM)u = f. Multiplying by the integrating factor e\* we see that this u must satisfy

% (ei/\xu(x)) — _ieiAxf(x)_

From this and u(0) = 0 we may deduce that u(x) = —ie™* f “eiMf(t)dt. But then

0
attempting to apply u(1) = 0 results in the requirement fol eMf(t)dt = 0. Clearly f
must be chosen to depend on A in some way, but then we are not free to choose arbitrary

f € L*(0,1). It follows that A ¢ o(T). Hence o(T) = 0, and consequently o(T) = C.

Non-symmetric operators also need not have real spectrum.

2

Example 3. Now let H = L?(0, 1), and consider the operator’* T = —% acting on

D(Tmax) = {u € L*(0, ) | w” € L*(0, 1), u(0) = 0}. This operator fails to be symmetric,

since integrating by parts for any u, v € D(Tmax) yields

<Tmaxu/ U>H - <1/l, Tmaxv>H = f (1/[”5 — u5”)
0
= [uw'v —u?v']]

= u'(n)o(r) — u(n)v' (n),

which a priori need not vanish. Moreover any A € C is an eigen-value, with eigen-

Z3Here, and throughout this thesis, to keep the exposition as simple as possible, we take the
liberty of assuming that when we write, e.g., u’, u”, ..., the functions in question possess sufficient
regularity to well-define these expressions. Here, for example, in defining D(T) we abbreviate the
pair of conditions u € AC,c[0,1] and u’ € L%*(0,1) solely by the second condition, since by our
convention simply writing u’ forces the first condition.

24The reason for the notation “Tiay”” will become apparent shortly when we discuss self-adjoint
realisations.

22



Spectral theory

function sin( VAx) € D(Timan).

The operator Tmax is an example of a formally symmetric differential operator,
i.e., an operator for which the formal adjoint agrees formally with the original
operator. The following example illustrates how the full adjoint of a formally
symmetric operator can be symmetric, and how “between” the two lies a self-

adjoint realisation of the formally symmetric operator.

Example 4. Take the operator Tmax from Example 3. We wish to calculate its adjoint.
Since it is formally symmetric (its adjoint has identical action on functions) we simply

need to calculate the domain of its adjoint. This can be expressed as

D(Thny) = {v € H | (Tonantt, 01 = Gt Ty (14 € D(Tmax))}

— LZ 0, " LZ 0, , " g ” =0 DTrnax ,
{ve O,7) | v € L¥( n)fo(uv+uv) (u e D( ))}

and performing the integration by parts we see that v € D(T%,,,) if and only if v,v"” €

ax

L*(0, 7t) and the boundary terms [uv’ — u'v](l) are 0 for every u € D(Tmax). Since such u

satisfy u(0) = 0 we see that v must satisfy v(0) = v(rr) = v'(nt) =0, i.e.,

D(T},) = {v € L0, m)

v € L2(0,m),0(0) = 0 = o(m) = v/(m)}..

As in Example 2 we may integrate by parts (twice, here) to see that T, is symmetric.

max

Additionally T, also has empty resolvent, though the arqument’ to establish this fact

ax

is more involved than that used in Example 2. In fact, the adjoint (T},,,)" = Tmax, S0 by

C Tmax. We denote T

symmetricity we have T;, ax = Lmin-

ax

250ne way is to attempt to calculate, using variation of parameters (Proposition C2), the so-
lution u to (Tj — A1 = f when f comes from a dense set in L%(0, rt), e.g., the Fourier basis

¢’ (x € (0,m),j € Z).

23



2. Preliminaries

Now consider Ty, D Tin with domain

D(T}) = {v € L*(0, ) | v € L*(0, ), v(0) = 0 = v/ () — ho(m)},

for a given fixed h € RU {oo} (with h = oo representing the Dirichlet condition v(rt) = 0).
Integrating by parts twice we easily observe that its adjoint is Ty, and clearly Ty, C Tax.
So we have

T'min C Ty, = T;l C Tmax-

The operator Ty, is called a self-adjoint realisation of the differential expression

Tu=-u",
and Trmin and Ty are, respectively, minimal and maximal operators generated by the

expression.

Remark. There are additional possible self-adjoint realisations of t. Some involve non-
local boundary conditions (periodic, anti-periodic or further mixed; for a treatment of all
types of boundary condition in one formalism see, e.g., [81]), corresponding to different
choices of minimal operator and extensions. We shall see in Example 5 a concrete proof
that this Ty, has a one-parameter family of self-adjoint extensions, necessarily possessing

a separated boundary condition at .

The following theorem is due to von Neumann [131], though it was essentially
proved in a simple case for a second-order differential operator by Weyl [136]. It
provides an abstract representation of a method for constructing all self-adjoint

realisations of a given symmetric minimal operator, generalising the above exam-

ple.

Theorem 2.1 (von Neumann). Let T, be symmetric, closed and densely-defined on

a Hilbert space, and denote by Ty the adjoint T; . . Then T C Tray is a self-adjoint
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extension of T if and only if there is an n € IN U {0, oo} and an n X n unitary matrix U
(bijectively) mapping
ker(Tmax — 1) = ker(Tmax + 7).

Proof. A proof of the theorem may be found in any comprehensive text on the

spectral theory of operators on Hilbert spaces, for example [109, 133, 19]. m|

Remark. The kernels ker(Tmax F1) are referred to as deficiency spaces and their respec-
tive dimensions n. are the deficiency indices. Then Twin has self-adjoint extensions if

and only if n_ = n,.

Example 5. For Ty, as in Example 4 we find that ker(Tmax F i) are the one-dimensional
spaces lin{(sinh - cos +i cos - sinh)(x/ V2)}, between the two of which we may define the
unitary 1x1 map e for some @ € [0,2m). Corresponding to each such ¢ there is precisely
one h = tan(p/2) € R U {oo} parameterising a self-adjoint boundary condition. Hence

every self-adjoint extension of Tmin is of the form Ty, as in Example 4.

In the next section we will apply von Neumann’s extension theory to a gen-
eral class of second-order ordinary differential operators. The other main result
we will need from the spectral theory of self-adjoint operators gives a means by
which one may “diagonalise” an unbounded linear operator on a Hilbert space.
In the case of an operator with purely discrete spectrum, the theorem provides
an orthonormal Hilbert-space basis comprising the system of eigen-vectors of the
operator, yielding a natural isomorphism of the space with I?(N). For operators
with non-discrete spectrum, the theorem gives a continuous generalisation of this

diagonalisation.

Theorem 2.2 (Spectral theorem of self-adjoint operators). Let H be a separable Hilbert
space. Then T is a self-adjoint operator, closed and densely-defined on H, if and only if
there is a right-continuous projection-valued measure Eg, for each measurable S C IR,

defined by the conditions
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(i) for each S the operator Eg is an orthogonal projection in H,
(ii)) Eg =0and Eg = 1,

(iii) if S = U2 |S, and S, C Sy41 then for each h € H we have ||Esh — Es hlly — 0 as

n — oo, and

(iv) for each S and R the product EsEg = Egng,

for which

T:ftdE(—OO,t]
R

We interpret this integral in the sense that for any Borel-measurable function f we have

the functional calculus

D, i = fR FOAE ot T,

where d{E _c,qh, Ny is a complex-valued measure.

Proof. See, for example, [116, Thms. VIIL.4-6], or any other good text on Hilbert

space spectral theory. m|

Remark. If f is real-valued then f(T) is also self-adjoint. A real number A € o(T) if and
only if Ep—¢p+¢) # 0 (¢ > 0), and is an isolated eigen-value of finite multiplicity if and

only if Ewop “jumps” at A, i.e., ECowop] — Ecop—e] = 0 (¢ = 0). Thus, in general

fM)y= |  fOAEw,

a(T)

and if o(T) = 04(T) = (A}, then

f(T) =} fA)Es,,
n=1
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where Ey := lim,,0(E(—co] = E(—oot—¢])- If A is an eigen-value for T then E, is the pro-
jection onto the corresponding eigen-space. Then the final formula above provides the
famous Fourier-type-series when applied to f(t) = 1 = t°, whilst f(t) = t yields the di-
agonalisation of T. In Appendix A we outline some key connections between this theory

and the theory for Herglotz functions.

Example 6. Let To, be as in Example 4. We can easily calculate that Ty, has eigen-
values A, = n* € N and corresponding eigen-functions @,(x) = Z sin(nx) (n €N, x e
0, n)) normalised so their L?(0, mt)-norm is 1. Then the eigen-spaces are the spans of the
eigen-vectors, so each E,, projects onto lin{gp,}. Since E; are all orthogonal projections,
we may calculate that Ey h = 2 fon h(x) sin(nx)dx = <(h, )12 Thus we have the
standard Fourier-series representation h = Y, ." 1 (h, @u)120,m®n. We will use such series

decompositions later.

A useful corollary to the spectral theorem is that it implies the normalised
sequence of eigen-functions of a self-adjoint operator is in fact an orthonormal

basis for the Hilbert space. This can be written in the following way:

Corollary 2.1. Suppose T is self-adjoint over the Hilbert space H, and o(T) = o4(T).
Denote the eigen-values of T as the sequence (A,);;_, and the corresponding normalised

eigen-functions as (¢,)>.,. Then for any u € H and A € o(T) we have

u= i(u, Pu)HPn,s
n=1

which converges in norm.

2.2 Weyl-Kodaira-Titchmarsh theory

We now relate some of the abstract theory of the last section to the second-order

ordinary differential equations named after Sturm and Liouville, in parts roughly
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following the recent formulation of Schmidt [119]. Any good text [37, 92, 133,
for example] on the topic will do equally well as an introduction, and a well-
researched review and collection of the proofs was also put together by Zettl
[140]. The original analysis was conducted by Weyl [134, 135, 136] and furthers
the results of Sturm and Liouville from their series of papers (the lengthy list of
references can be found in the bibliography of [95]). A comprehensive exposition
of the history from Weyl onwards was given by Everitt [50], to which the reader

is directed for references.

Let —co < a < b < 400 and suppose we have functions p,w > 0 and g on (g, b)

with 1/p,q,w € Llloc[a, b). Then the Sturm-Liouville equation
— (/' (3 1) +qu(- 3 A) = Awu(- ; A) on (a,b) (2.2.1)

is called regular at bif 1/p,q,w € L'(a, b). If this is not the case it is called singular
at b. If A is non-real one can show that in the regular case the space of solutions

of (2.2.1) that are in
L*(a, b; w(x)dx) := {v :(a,b) » C

b
f w(x)o(x)*dx < oo}

is two-dimensional. In the singular case this space may have dimension two or

less than two—independently*® of A € C—and the equation is then respectively
referred to as limit-circle or limit-point, at b. Moreover we may classify the equa-
tion as oscillatory or non-oscillatory at b according to whether its solutions have,

respectively, infinitely or finitely many zeros in any given neighbourhood of b.

Remark. The terms limit-point and limit-circle originate in the considerations of Wey!
as to wherein lies the soon-to-be-defined coefficient m(A), with a fixed A from the upper

half-plane C* and a varied boundary condition at b. For a full explanation the reader

26Gee [92, Thm. 11.2.2].
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should consult any of the aforementioned appropriate references, e.g., [92, Sec. I1.2]. It is
important we also note that, whilst regular equations always have bounded continuous
solutions, their singular counterparts, as the name suggests, can have solutions becoming
arbitrarily large or oscillating arbitrarily rapidly in a neighbourhood of the singular end-

point [92, Ch. I & II].

Suppose a, € [0,7), and in either of the two-dimensional cases (regular or

limit-circle) affix to (2.2.1) the boundary condition
[u, uo](b=; A) =0, (2.2.2)

where 1y € L*(a, b; w(x)dx) is any given pre-specified solution to —(puy)’ + quo = 0.

Additionally in all cases apply the boundary condition

u(a; A) cos(a) = [pu'](a; A) sin(a). (2.2.3)
The conditions together are an example of the separated boundary conditions
mentioned in the previous section. It is not hard to prove the classical result:

Lemma 2.1. The differential expression

d d
Cogn(X,7) : L(_a(p(x)a)w(x)) (xe (a,b)) (2.2.4)

")
has a self-adjoint realisation given by the operator
D(L) := {u € Lz(a, b; w(x)dx) | ( —(pu')y + qu)/w € Lz(a, b; w(x)dx), (2.2.3) holds

and, if €, , ., is not limit-point at b, (2.2.2) holds},

Lu := %( —(pu') + qu).

Proof. See, for example, [37, Sec. 9.3] or [92, Sec. IL.2]. O
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Remark. Applying these boundary conditions is precisely an example in action of von

Neumann'’s theory for self-adjoint extensions.

Now suppose we drop the boundary condition at a. In all three cases—regular,
limit-circle and limit-point—when Im(1) # 0 we are left with just one L*(a, b; w(x)dx)
solution of Lu = Au, up to multiplication by a constant. Consider for such a solu-

tion u(- ; A) the fraction

_ cos(a)[pu’](a; A) — sin(@)u(a; )
~ sin(a)[pw’](a; A) + cos(a)u(a; A)

m(A) : (2.2.5)

called the Weyl-Titchmarsh m-function. One can show that m is in the Herglotz
class®” of functions that analytically map the upper and lower half-planes C* to
themselves. Thanks to (A.2) it admits the Stieltjes integral representation [92,

Thm. 11.5.2]

m(A) = A+ BA + fR (% - Ttﬂ) dp(t) (2.2.6)

for some increasing p satisfying the growth condition [(1 + 2)7dp(t) < co. By

(A.3), Stieltjes” inversion formula [92, Thm. I1.5.1], we have

p(y) — plx) = 11{101% f y (m(v +ie) = m(v — ie))dv. (2.2.7)

Moreover m has analytic continuation from C* to C~ through any interval I C
R\o(L). This is owing to Theorem A3 and the fact that m can be analytically

extended to the full resolvent set of L.

Furthermore one can show that m has poles at the eigen-values of L—this is
done in a particular case in Section 3.3, but is also crudely observed from the
fact that, as A approaches an eigen-value Ay, m(A) has denominator that is exactly

O(1/|A = Agl) as well as bounded numerator. Now suppose we are given such an

27See Appendix A for a discussion of some key properties of these functions. In Section 3.3 we
show briefly the standard calculation proving the Herglotz property.
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isolated eigen-value A. Then we may find ¢,6 > 0 such that

A+0 3

27i Res(m; A) = — f (m(s+ie)—m(s—i))ds—i f (m(A-6-+i0)—m(A+5—io))do.

A=0 —€

The second integral is across the real line, but crosses subintervals of the resolvent
set. Since m is continuous on this contour it is also bounded, so taking the limit
as ¢ — 0O we find

0 # Res(m; A) = —(p(A + 6) - p(A = 5)).

The residue was independent of 6 all along, so we see that p has a jump disconti-
nuity at A. In addition the same argument applied to real points in the resolvent
set shows that p is constant at such points. These facts will prove crucial in Sec-

tion 3.3.

Not only does the m-function have poles at the eigen-values, but it turns out
that further spectral information is encoded in the function. Namely the residues
of m at the eigen-values are the so-called norming constants, where a := [|ul|;2(, ) is

a norming constant for an eigen-value A if u solves the Sturm-Liouville problem

—(pu’), +qu = Awu on (a,b),
[, uJ6~;A) = 0,
u(a) = L

It is for this reason m is often taken as the starting data in inverse spectral the-
ory for the Sturm-Liouville problem and its generalisations. This is discussed in
more detail in Section 2.3. For a deeper discussion of some aspects to this topic
see Appendix C, in which we mention asymptotic expansions of fundamental
systems and of m(A), as well as Appendix A where we detail general properties

of Herglotz functions.
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2.3 Inverse spectral theory: one-dimensional review

An excellent illustration of the utility of spectral theory for differential operators
is in the well-developed inverse theory for Sturm-Liouville equations. We will
review some classical and more recent uniqueness results for this class of inverse
problems. To start with we will define the inverse problem, then state and offer
the ideas in one of the first proofs of the first uniqueness theorem offered for it, in-
dependently established by Borg [23] and Marcenko [101]. Following that we will
explain how the result has been improved, finishing with the current strongest
version: a local uniqueness result also independently due to Simon [120] and
Bennewitz [20]. To round off the section we will mention a key result in one of
the proofs of this current version, which provides an alternative representation

for the m-function that we will need to use later.

Let 0 < b < o0, and take any real-valued and locally integrable g on (0, b) that
allows the differential expression

2

fq(x, ) = —@

+q(x) (xeOb)),

to be regular at 0. Then define the boundary expression

0 if £, is limit-point at b,
C>SA,[u] = (2.3.1)
[, up](b7) otherwise,

where 1 is non-trivial and solves —u + quy = 0 on (0, b). Thanks to the results of

the previous section, for any A € C\R the problem

(v ud) = AuxA) (xe©b)
SA[u(-; N = 0, (2.3.2)
u(-;A) € LX0,b)
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has a one-dimensional space of solutions. This space defines the Weyl-Titchmarsh

m-function. Let u(- ; 1) be any non-trivial element of this space. Then

m() = u’(0; M)

= w0 (2.3.3)

is well defined for every A € C\R, and is moreover a Herglotz function®®.
Inverse Problem 3. Let m(-) be a Herglotz function. Recover the potential q (if it exists)
for which the problem (2.3.2) generates m(-) in the above fashion.

One of the most celebrated results was made public independently by Borg

and Marcenko in the same year®” [23, 101].

Theorem 2.3 (Borg—Marcenko, 1952). Given a Weyl-Titchmarsh m-function m(-) there

is at most one such differential expression {, that may have given rise to it.

Proof. We will present the ideas of the Gel’fand-Levitan proof [54]. In its entirety
this approach can be found in, e.g., [91, Sec. 2.2]. The main tool used is the

transformation kernel, which is the solution K(-, -) to the wave-equation problem

K (x, t) — K, t) g(x)K(x,t) (0 <t<x < o0),

1 K(x,x) + hK(x,x) = 1q(x) (0 < x < ),
d-K(x,0) = 0 (0 < x < ).

This is not a hyperbolic initial-boundary-value problem, so standard existence

and uniqueness theorems fail>"’ Instead one may guarantee the existence and

28For simplicity we restrict our attention to the m-function of the form (2.2.5) with & = 0, al-
though the results in this section would hold for any choice of a.

29 Although strictly speaking Borg was the first in 1946, he published in German in a relatively
little-known journal [22]. A linked result was due to Levinson in 1949 [90]. Mar¢enko first pub-
lished his result in 1950, in a Soviet journal [100], and it was not until 1952 that his result was
publicised globally.

2101n fact the diagonal x = t turns out to be a characteristic curve of the differential equation, on
which one is not traditionally supposed to specify “boundary” data.
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uniqueness of K(x,t) (0 < t < x < o) by ad hoc methods such as the analysis in

[91, Ch. 1].

This function K(-, -) owes its name to the role it plays in transforming the so-

lutions of one Sturm-Liouville problem to another. Namely, if cy(- ; A1) solves

—c(5;A) = Aco(x;A) (0 <x < o),
c(0:4) L (23.4)

cy(0; A)

0,

then the solution to the initial-value problem

—c"(x;A) + q(x)c(x; A) = Ac(x;A) (0 <x <o),
c(0; 1) = 1,
c’(0; M) = 0

—provided A is not in the spectrum of the associated operator—is given by

c(x; A) :=co(x; A) + fx K(x, t)co(t; A)dt. (2.3.5)
0

To show that g is uniquely determined by m(A) one proceeds roughly as fol-
lows. Firstly construct a spectral measure dp(A) via Stieltjes” inversion formula
(A.3). Secondly show this spectral measure defines an integral equation for K(x, t).

Finally conclude K and therefore g(x) = Z%K(x, x) are uniquely determined. O

This deep result not only establishes uniqueness of £, from m(), it also pro-
vides through the above proof a means of reconstructing the Schrodinger poten-
tial g(-) from the data of this spectral function. Precursor results include Am-

barzumian [6], who in 1929 showed the Neumann-boundary-condition eigen-

34



Inverse spectral theory: one-dimensional review

AR\

12! on the interval (0, 1),

values 0%,12,22,3?%,... uniquely determine the 0 potentia
as well as Tikhonov, who in 1949 proved a limited version of the theorem, with
certain restrictions on g [125]. As we saw above, the Gel’fand-Levitan approach
of 1951 [54] uses the spectral measure, which thanks to the Herglotz representa-
tion and Stieltjes inversion formulae—(A.2) and (A.3)—is completely equivalent

to the m-function. Krein also published a contemporary pair of papers in 1951

and 1953, outlining his own method involving transfer functions [82, 83].

Since this pioneering work of the '50s, there was essentially no progress made
until 1999. We will now present this leap forward. Elements of the new theory
associated with it will inform the original work presented later in this thesis. The
main improvement it offers is to relax the requirement of knowing the m-function
everywhere, instead necessitating only negative-exponentially good knowledge

of m(A) as A — oo on a ray in the upper half-plane C*.

Theorem 2.4 (Simon, 1999; Gesztesy—Simon, 2000; Bennewitz, 2001). Consider any
real-valued q; € Llloc[o’ bj) (j = 1,2) and by, b, € (0, 0], and take m;(1) (A € C\RR,j =
1,2) to be the Dirichlet m-functions®!? associated respectively with the differential ex-
pressions

d2
b, ) = === +q;(x) (x€(©0,b)),j=1,2),

dx?
with self-adjoint boundary conditions at b; if needed, i.e., we impose (2.3.1) with q re-
placed by g1 or qo. In addition let 0 < 9 < /2 and 0 < a < min{by, bo}. Define
Ry := {te”® | t € (0, 00)}, a ray in the upper half-plane. If, for every ¢ > 0,as Ry 3 A — oo

we have

my(A) = my(A) = O(e 2 -RVDy (2.3.6)

2UThis is a curious result, since in general one needs more than just one set of eigen-values to
ensure uniqueness, this being the original result of Levinson [90]. Much more recently, Davies
[41] has published a substantial generalisation of Ambarzumian’s theorem to compact Rieman-
nian manifolds, compact quantum graphs and finite combinatorial graphs, all with Neumann
boundary conditions.

212These are m-functions of the form (2.2.5) with a = 0.
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then g1 = q, almost everywhere on (0, a).

Proof. Simon’s original version [120, Thm. 1.2] is less general, requiring knowl-
edge of m(-) in a sector in the upper-half-plane. The proof involves writing the
m-function in a novel form, discussed shortly in Theorem 2.5, and originally for-
mulated in [120, Thm. 2.1]. The key object in this formulation is the so-called
A-amplitude. Simon’s method was continued by Simon and Gesztesy [56, Thm.
1.1]. The latest proof by Bennewitz [20, Thm. 1] is more direct, relying on asymp-
totic estimates for the m-function, special solutions of the differential equation,

and some classical complex analysis. |

Subsequent work by Avdonin, Mikhaylov and Rybkin [14] links the A-ampli-
tude with the boundary control approach towards the inverse spectral theory of
the one-dimensional Schrédinger operator”'®. In particular, they show that the
so-called response operator for the inverse problem has integral kernel in one-to-
one constructive correspondence with the A-amplitude. The main outcome is a
new way to compute the m-function, giving us a means to solve our own novel
inverse problems later. We will briefly present their main results [14, Eq. (2.15),

Thm. 2].

Theorem 2.5 (Avdonin-Mikhaylov—Rybkin, 2007). Suppose g € I*°(L')(0, ), i.e.,

x+1

llgll := ||Q||l°°(L1)(0,oo) = sup ] < oo.

x>0 Jx

Then for m(A) defined in (2.3.3), there is A(a) (a > 0) called the A-amplitude such that

m(—«x?) = —k + foo e A(a)da, (2.3.7)
0

213Gee, for example, [18] for an extensive review of the history of boundary control, and [13] for
a further analysis of its connections with all approaches to the inverse spectral theory for Sturm-—
Liouville problems, as well as a healthy list of references.
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and the integral is absolutely convergent when Re(x) > 2 max{ /2gll, ellgll}. Moreover,

for any a > 0, the A-amplitude satisfies

O 2 ellgllo
|A(@) = q(@)] < %( fo Iql) (e2 2l %) (2.3.8)

Remark. In fact they do not prove the result for A(ar), but rather for the integral convo-
lution kernel r(or) = —A(a/2)/2 of the response operator. See, for example, [12, 11]. Note
that there is a deep link between the boundary control approach and the Gel fand—Levitan
method, which is carefully highlighted in [13].

This theorem may be understood as an implicit connection between m and
g that is in most situations more applicable or useful than the approach of di-
rectly solving the differential equation. It is this connection—and that in Simon’s
version, which has a different bound in place of the right-hand side of (2.3.8)—
which largely underlies Simon’s original proof of Theorem 2.4 [120] and his and
Gesztesy’s subsequent development of an alternative approach to this inverse
spectral theory [55]. Moreover, the power and utility of this theorem is apparent
from its appearance in the proof of new results for interpolation of m-functions.

We will make use of these in Section 3.3.

2.4 Calderén’s inverse conductivity problem

All the work described in Section 2.3 relates to one-dimensional Schrédinger op-
erators, with a real-valued potential g € L] _[0,b) for some 0 < b < co. These take

the form

D(S,) := {u € L*(0,b) | —u” + qu € L*(0,b), u(0) = 0,SA,[u] = 0},

Squ = —u" +qu.
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Here SA,[u] = 0 denotes the self-adjointness-imposing boundary condition (2.2.2)
at b if the differential expression underlying S, is limit-circle or regular there, or
is the null condition 0 = 0 if the differential expression is limit-point at b. The
resulting m-function can be interpreted as a map in the following way. Let c € C

and suppose u(- ; A) is the square-integrable solution to

—u”(x; A) +q)ulx;A) = Au(x;A) (0<x<b),
SA,[u] = 0, (2.4.1)
u(0)

C.

If u(x;A) = 0 (0 < x < b) then clearly ¢ must have already been zero. If the
Dirichlet datum ¢ # 0 and A € C\R then there is a valid and non-trivial square-
integrable solution to the problem. We may then make the Neumann “measure-

7o

ment” 1’(0; A) and form the well-defined ratio

_u'(0;A)
—u(0; 1)’

m(A)

which is clearly a multiplicative operator mapping u(0; A) = u’(0; A). In the spirit
of the discussion of Calderén’s problem in Section 1.1, then, it seems reasonable
to call it a Dirichlet-to-Neumann map. We will now spell out its link with as well
as formalise rigorously the concepts from that section. Following this we will run

through the developments in uniqueness for Calderén’s problem.

As before, take any bounded domain Q) € R" (n > 2 fixed) whose boundary is
now piecewise C! and admits the decomposition into the non-empty, connected,
accessible I' and remaining, inaccessible I'. := JQ\I'. Suppose we have a measur-
able function y : Q — (0, o) bounded away from 0 and oo, called a conductivity.

Let f € HY?(T') and take d, to denote the outward-directed normal derivative on
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dQ. Then, as with the m-function and Section 1.1, the solution u(- ; A) to

Ayu(-;A) in Q,
0 on I, (2.4.2)

f on T,

-V (yVu(; )
u(-;A)
u(-;A)

defines a map—provided A is not in the spectrum of the L?(Q)-operator asso-
ciated with this problem—in the following way. We may make measurements
yd,u onI'; this can be seen to be a map from u(- ; A) Ir to —yd,u(-; A) [r, which we
denote by

Ayr(A) s f > —ydyu(-; A) € HA(I). (2.4.3)

Definition 2.1. The map A, r(A) is called the Dirichlet-to-Neumann map for the con-

ductivity y and accessible boundary T

Remark. We map to negative Neumann data to ensure the so-called half-plane prop-
erty, proved in Proposition 2.2. The same convention applies to m(A), since u’(0; A) is a
negative normal derivative at the boundary of the interval (0,b). In Chapter 3 we will
examine an m-function at the other end of the interval (0,1), and for the same reason we

will map u(1; A) — —u'(1; A).

The Dirichlet-to-Neumann map can also be realised as a graph: the set

Cpr(A) = (1, 9uu)( 3 A) Tr |5 4), V- (yVu(- ;1)) /y € LA(Q),

(V- 09+ Ap)ut-52) Ta= 0= u(-;A) Ir.)

is referred to as the set of Cauchy boundary data, and is equivalent to A, () when
A is not an element of the spectrum. For a fixed, given A it can be more convenient to
work with these data, though it is not necessary. In the more general case we will prefer to
work with A, r(A) and its equivalent in the Schrodinger problem, because of the following

results.
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Proposition 2.1 (Analyticity of the Dirichlet-to-Neumann map). For each real-valued
y € C3(Q) with y,1/y € L*(Q) the map A A, r(A) is an analytic function on the re-

solvent set o(A) of the operator

D(A) := {u € LX(Q) | V- (Vi) [y € LX(Q), u Tag= 0}

Au = —%V - (yVu),

in the sense that there is an operator /V\’%r(/\) : HY2(T') — H¥*(I) (A € Q(A)) for which

where || - ||B(H1/2(r)) denotes the standard operator norm on H' /2(T).

R = Ape)
P v BRC)

-0 (y - A€ Q(A)),
B(HY2(I))

Proof. Choosing any wy € L*(Q) taking the value f on T, and satisfying wy [r.= 0
and V- (yVuwy)/y € L*(Q), we see that the solution to the boundary-value problem
(2.4.2) is given by

[]1 —(A-1)" (—%V -(yV) - /\)] wW.

Hence, in terms of the trace maps

D(tr)
D(d,)

{vel2(Q)|V-(yVo)/y e L2(Q),v It,.=0}, tr [ v v I,
fveL*(Q)|v Ir.= 0}, dy [y o v-(yVo Ir)

where v is the outward directed unit normal, we see that

Ay r(d) =9, l]l —A-1" (—%V -(yV) - /\)l trt,

where by tr™! we mean any right-inverse of tr. Thus we may calculate, applying
the resolvent formula [116, Thm. VIIL.2], that for every A and u € g(A) we have

9

Ayr(A) = Ay r(u)
—u

A

40



Calderén’s inverse conductivity problem

AR\

5 A-NTGV-0V)+ ) - (A-p ' GV- V) + #)tr_l

v

A=p
MA=N)T=pA -+ (A=) = @A-w ) iIV-oV)
=d, T tr
i
=dA-N1-@A-p7(- Iv. (V) - u)fer? (2.4.4)

has order —1 on the scale of Sobolev spaces on I', since it is a product (from right
to left) of operators with order 1/2, 0, =2 and 1/2. By Sobolev embedding [47,
Thm. V.4.18] this Newton quotient is compact, and in particular is bounded. As

p — A, its norm limit is the compact operator
< 1
Al r(A) = 9y(A - A7 []l (A=) (—;V -(YV) - /\)] tr .
By construction, the resulting operator is independent of the left-inverse tr™'. O

Proposition 2.2 (Half-plane property for the Dirichlet-to-Neumann form). For
each y,1/y € L*(Q) and f € HY*(T) the map A v (A, r(A)f, fr2ry maps each half-

plane C* into itself.

Proof. Without a loss of generality take f to be defined on J(Q), extending it by 0
into I'.. If the given solution u of (2.4.2)—defining A),,F(A)—is in H*(Q) and its
quasi-derivative yVu is in H'(Q), we can use Green’s formula to show the usual

identity
f Y (Vuu - Vit = Auii) = f V(1)L (2.4.5)
Q 2Q

However, since y € L*({2) we must in general interpret the differential equation
in (2.4.2) in its weak formulation. Moreover this forces a weaker definition of
normal derivative. We shall use that specified in [9, Eq. (1.3)] and [7, p. 2101]: the

normal quasi-derivative yd,v of a given v € H(Q) with V - (yVo) € L*(Q) is the
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unique ¢ € H™2(dQ)) defined by the duality relation

(Y, w) = L()/Vv Vw+V- ()/Vv)w) (w € Hl(Q)).

In this case we define

f y(@d,0)w = (yd,v, w) (U,w e H(Q),V-(yVo) € Lz(Q)),
20

which agrees with Green’s formula. Replacing v by the solution u to (2.4.2) and
w by u we arrive immediately at (2.4.5). Taking the imaginary parts of either side

of the latter equation concludes the proof. m|

Put together, the two results above imply that A, r(1) is what the literature
refers to as a generalised or operator-valued Herglotz function. These considera-
tions, especially in light of the transformation (1.2.1) to Schrodinger form, clearly
show the direct analogue between the Dirichlet-to-Neumann map ]\%r(/\) and the

Weyl-Titchmarsh m-function m(A).

The natural analogue to Inverse Problem 3 for this higher-dimensional situa-

tion is simply Calderén’s; see Section 1.1. We re-phrase it here.

Inverse Problem 4 (Calderén). Given the fixed-frequency Dirichlet-to-Neumann op-

erator A\, r(0) recover the conductivity y on Q which gave rise to it.

Remark. We are able to consider A, r at but one frequency owing to the fact that this
contains enough independent information to perform the recovery. Indeed, in dimension
n = 3 or greater, there is “surplus” information, overdetermining y, whilst at n = 2 both
A, r(0) and y contain the same amount of information. Roughly speaking, calculating
the Schwartz kernel>'* of A, r(0) shows it is a function of 2(n — 1) linearly independent

variables, whilst y takes n variables as arqument.

214Gee, e.g., [124, Sec. 0.2].
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Originally presenting his work at a conference in 1980, Calderén proved that
in the linearised version of the problem there are complex-exponential oscillatory
solutions of the form ¢“* (C € C,{-C = 0,x € Q) that may be used to deter-
mine y = 1 uniquely from global boundary data. These are simply Dirichlet-to-
Neumann data on the whole boundary JQ. Calderén was preceded by Langer
[67] who formulated the problem on a half-plane and considered conductivities
that were analytic and only dependent on depth, and later by Cannon, Douglas
and Jones [34] who worked on cylindrical domains and conductivities indepen-
dent of height. The problem may also be rephrased in Schrédinger form, precisely

the formal higher-dimensional analogue of Inverse Problem 3:

Inverse Problem 4'. Given A, r(0) recover the potential g(-) on Q giving rise to it.

The earliest efforts to establish stronger uniqueness results than Calderén’s
focused on dimensions strictly greater than 2; as remarked earlier, this was ini-
tially found to be easier, until alternative techniques were developed. We will
devote the remainder of this section to understanding some of the general prin-
ciples used to prove uniqueness from full boundary data in all dimensions n and
reviewing the progress made, distinguishing first the case n > 3 from n = 2,

presented second, except where the two overlap.

Calderén was, more precisely, able to show analyticity of y > A, 5q(0) in the
following sense [33]. Define the quadratic form Q,(f) = [, yIVul* ( feHY 2(8@))
where u € H'(Q) uniquely solves the Dirichlet problem (2.4.2) with T. = 0 and

A = 0. Then we may apply Green’s formula to integrate by parts and see

Q,(f) = - fa 0 = (0O, Pz
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Now define the norms

I = [ 1vo (e 1 G0),
Q
where v solves

Av = 0 in Q,
v = f on JQ,

and

”Q”sup = sup |Q(f)|

Ifllo=1
Theny — A, 50(0) is analytic on real-valued functions y satisfying y, 1/y € L*(Q)

in the sense that we have dQ, such that for any ¢ > 0 there is 6 > 0 with

”Qy - Qyo - dQ)/—yollsup
||7/ - 7/0||L°°(Q)

. 1 o
<e¢ if ||‘}/ — ’)/0||Loo(Q) < 6, % el (Q, ]R)

Moreover he showed that y — dQ, is injective at constant conductivities y. This
means that the linearised problem has an affirmative answer for uniqueness. But
y = dQ, has an image that is not closed, or in other words its left inverse is not
bounded. Hence he was unable to conclude injectivity of y = Q, in a non-linear

neighbourhood of constant conductivities.

A rough outline of subsequent progress is as follows. Kohn and Vogelius [79]
proved in n > 2 dimensions that all partial derivatives of smooth y, to arbitrary
non-negative order, are uniquely determined in some neighbourhood of a smooth
boundary dQ), by the values of Q, (f) ( f eHY 2(F)) for any fixed, connected and
non-empty I'. Hence an analytic, real-valued y is fully determined by Q,; they
later generalised this to include piece-wise analytic conductivities [80]. Sylvester
and Uhlmann utilised the complex geometric optics solutions [122] introduced

by Faddeev in scattering theory [52]. With a conductivity in C(Q) and smooth
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boundary, they linked the large complex frequency asymptotics of these solutions
to the Fourier transform in every frequency of the conductivity [123]; their trick
in finding this link, which influenced much of the later work on the problem,

limited them to no less than three dimensions.

Soon after, Alessandrini generalised both [80] and [123]. Assuming a Lipschitz-
regular boundary he showed that, when n = 2 a Lipschitz conductivity y is deter-
mined uniquely by A, 50(0) amongst its piece-wise analytic perturbations y + ¢,
whilst when n > 3 the conductivity is determined uniquely in W**(Q) [3, 4].
He used a related result of Nachman, Sylvester and Uhlmann [108] in his proof.
Later Brown [28] showed that when y has 3/2 + ¢ derivatives then it is uniquely
recoverable from A, 50(0). The first main improvements to this result came in
2003 both from Piivéarinta, Panchenko and Uhlmann [113] and Brown and Torres
[29]. Both worked on a spatial domain with Lipschitz boundary dQ; the former
established uniqueness when 7 is a priori from the Sobolev class W¥>*(Q) and
is strictly positive on Q, whilst the latter generalised this slightly to include all

y € W322m+¢(0) for some fixed ¢ > 0. See also [60] for techniques developed on

manifolds.

Uhlmann conjectured at the International Congress of Mathematicians of 1998
that Lipschitz conductivities are the optimal case for dimension n > 3. This
was later established for conductivities that are also sufficiently close”! to 1, by
Haberman and Tataru [63], who introduced the idea of the geometric optics re-
mainder term decaying in average by applying theory for spaces of Bourgain
type, and subsequently with that condition relaxed in dimensions n = 3 and 4 by
Haberman [62]. Shortly thereafter, Caro and Rogers finally reached Uhlmann’s
hypothesis, showing that any Lipschitz conductivity with n > 3 is uniquely de-

termined. Currently this is the best result from full data in three or more dimen-

213The “closeness” is measured by the norm ||Vy/||.=(q)-
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sions; the question of its optimality still remains open.

In two dimensions, since the trick of Sylvester and Uhlmann has no utility, no
progress was made for the decade after Kohn and Vogelius until Nachman [107]
was able to show that a twice continuously differentiable conductivity is uniquely
determined. He used what has become referred to as a d-method?'®, relating the
scattering transform of g to the Dirichlet-to-Neumann map, then showing this
transform uniquely determines g4 and hence y. Brown and Uhlmann [30] showed
soon afterwards that, adapting first-order system scattering methods of Beals and

Coifman [16, 17], one may relax the regularity to y € W?(Q) for any fixed p > 2.

It took almost another decade for this result to be improved upon. Astala and
Péivérinta, in a mathematical tour de force, resolved the problem completely [9].

Briefly, we will present this.

Theorem 2.6. Let Q C IR? be a bounded, simply-connected domain. Suppose y, and y,

are measurable in Q and that there is a constant ¢ > 0 such that ¢! < yi<c(j=1,2).

If [\71/99 = ]\72/99 then yi = y,.

Remark. The lack of any boundary regularity does not prevent one from specifying
A, p0. Its domain is defined by HY/*(9Q) = H'(Q)/H(Q) in the sense that elements
of HY(Q) are equivalent—and therefore correspond to the same element of H/*(9Q)—if
and only if they differ by an element of H)(QY). This extends the usual Sobolev defini-
tion. Then the range is simply the dual H™Y2(9Q)) := (Hl/ 2(8@))*, so the range elements
are defined distributionally instead of differentiably. The resulting Dirichlet-to-Neumann

map is well defined and bounded.

Their proof avoids the standard transformation to Schrédinger form, by in-

stead constructing the real-valued y-harmonic conjugate v € H'(Q) of the real-

216Pronounced “dee bar”.
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valued solution u € H}(Q) to

=V - (yVu) 0 inQ,

h on JdQ.

u

This is defined up to a constant so that f := u + iv satisfies the Beltrami equation
agf = {Jﬂ in Q,

where 9, := (9, — id>)/2 and 95 := 9., whilst p=(1-y)/(1+y). They then find
complex geometric optics solutions to the Beltrami equation, with the crux of the
reasoning being a careful analysis of the subtle asymptotics of the remainder term
in these solutions by use of quasi-conformal maps. The transformation back to
the conductivity equation necessitates the boundedness of 1/y as well as y, and
the proof is concluded by establishing certain properties of a so-called transport

matrix for the problem.

All of the above are results for an isotropic medium, utilising data from the
full boundary. We make no mention of anisotropic media, since we are not im-
mediately concerned with such a case in our original work. We will discuss data

on the partial boundary in greater depth in the opening portion of Chapter 4.
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Second-order linear pencils and

discrete data

"The art of doing mathematics consists in finding that special case which con-

tains all the germs of generality.”

— David Hilbert*!

In any physically inspired problem, a simple improvement to a given solution
is that of using fewer starting data. In the case of the classical inverse spectral
problem described in Section 2.3 our starting data in all cases were an m-function,
considered as measurements of boundary values at one end-point of the interval
on which the differential operator is defined. These measurements were assumed
to be made for all A for which they make sense—i.e., not associated eigen-values
or spectrum. Being able to perform a similar recovery for measurements from a
smaller set of A—or indeed for a discrete, countable such set—would represent
a substantial strengthening of the result. Moreover, practically one never has

access to measurements over a continuous or infinite set of spectral parameters,

31 Hilbert, Constance Reid (1970).
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so avoiding such a restriction could provide greater applicability of the relevant

uniqueness results.

It is with this in mind that we approach this chapter. We will consider a linear
pencil of ordinary differential operators, with highest order 2. In this situation
we can formulate an inverse problem, and for it we prove a uniqueness theo-
rem. The data we allow ourselves are discrete, comprising the sequence of values
m(-n?) (n = 1,2,3,...) where m is a suitably-generalised Weyl-Titchmarsh-type
m-function for the pencil of operators. As outlined in Section 1.3, this second-
order pencil is a generalisation of a specific pencil arising from separating the
variables in a certain Schrodinger singular-boundary-value problem in two di-
mension. To conclude the chapter we will formulate this problem, show the link
with the pencil, and prove uniqueness for it from our results for the pencil. A
concise version of most of the material in this chapter was published in 2016 [27].

Here we have expanded on much of the details and arguments involved.

Pencils of second-order differential operators are not new, though so far it is

mostly the quadratic pencils which have seen attention. These are usually written
=V (pVu(- ;1)) + qu(- 5 A) = (Aw + ADu(- ; A)

in some domain of one or more dimensions, sometimes with a manifold instead
of a linear structure. The works [85, 88] in particular focus on manifolds. There
are also many examples of such work on a one-dimensional interval, both finite
and half-infinite. These are not of interest in our situation, which is a linear pencil
and involves highly singular coefficients. The interested reader is directed, for
example, to [73, 139] or [46] and its substantial list of references, or the book

chapter [103] for a list of applications.
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3.1 Problem definition and outline

We recall from Section 2.1 or, for example, [115, Thm. X.1] that a sufficient condi-
tion for the spectrum of an operator to be real is that the operator be self-adjoint;
this is important, since to avoid dealing with unnecessary technical complica-
tions a meaningful, non-trivial spectrum is necessary to constitute part of the
input data for associated inverse spectral problems. Indeed it is usually in this
case that one defines a boundary map associated to a differential operator’. The

issue is the same when dealing with pencils of operators.

For reasons outlined shortly, the Hilbert space we consider in this chapter is

1
f rlu(r)Pdr < oo}.
0

Let us take both q,w € L (0,1], with additionally g real-valued and w almost

H:=1%0,1;rdr) = {u :(0,1) > C

everywhere positive. We construct the following pencil of operators over H:
Lu(r; A) = APu(r; A) (r € (0,1)). (3.1.1)
The differential expression
lul(r) = —%(ru'(r)), + q(r)u(r) (3.1.2)

defines the action of the operator L. The domain of L will be defined precisely

shortly. The multiplication operator

Pu(r) = w(r)u(r) (3.1.3)

320f course inverse problems for some non-self-adjoint operators have been considered, e.g.,
Simon and Bennewitz’s work [120, 20] allows for a complex-valued Schrodinger potential, and
the Weyl-Kodaira-Titchmarsh theory of Section 2.2 has more recently been extended similarly to
allow complex coefficients [24].
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possessing domain

1
D(P) = {u €eH f w(r)?[u(r)Prdr < 00} = L%(0, 1; w(r)*rdr)
0

making it self-adjoint, is unbounded—except when v = 0—since w is assumed to
satisfy

1
w(r) = r—v(1 +0(1)) (r—0),
with a fixed v > 0.

In Section 2.2 we presented a version of the approach developed by Weyl and
later Titchmarsh for analysing the singular behaviour of Sturm-Liouville prob-
lems. This analysis formed the means by which we constructed an m-function.
This will be our standard choice of boundary spectral data for any one-dimensional

problem. In their framework we would write (3.1.1) in the form

L (ru’(r))’ 9() u(r) = Au(r).

rw(r) * %

We would then note that, over L*(0, 1; rw(r)dr), the expression on the left hand side
is formally symmetric, and perform our analysis using this as our underlying
Hilbert space. However it turns out that from a certain physically motivated

perspective the most natural space is instead H, which we explain now.
Letting w(r) be precisely r>—i.e., v = 2—and replacing A by the sequence —A,,

generates from (3.1.1) the Bessel-type system of equations

— {0310+ GO0 + T2 1) = 540, (3.14)

in the case where y = 0. In a natural way, we may pre-specify A, as the angular
eigen-values of a boundary-value problem for a spherically-symmetric Schrodinger

equation in any sub-domain of R?. Separation of the variables for this equation,
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in polar coordinates, yields precisely the system (3.1.4) with u,, playing the part of
the radial component of the solutions for the boundary-value Schrédinger prob-
lem. Under such a separation of variables, the Lebesgue area measure dx be-
comes rdrd?¥, the radial part of which we take as the measure for our L*-type

Hilbert space H.

Indeed, the Bessel equation arises naturally in such scenarios as the radial
equation, hence a natural choice for A, are the aforementioned eigen-values. Of
course the domain and boundary conditions are needed to determine the eigen-
values. As previously mentioned, later in the chapter we will apply our one-
dimensional uniqueness result to a partial differential operator. For this operator
we will provide a domain and boundary conditions, and explain how these A,

arise in this particular case.

We must now precisely define the domain of L, or, rather, the domain of the
pencil L — AP. To do so in a consistent way we need to develop a classification,
similar to that of the Weyl-Titchmarsh limit-point or limit-circle’*, which we may

apply to our pencil of operators. This is explained in the following definition.

Definition 3.1. The equation

1(”"(7))’ +q(r)u(r) = Aw(r)u(r) (3.1.5)

r

is said to be in pencil-limit-circle at 0 whenever, for all A € C, the space of its solutions
that lie in L*(0, 1; rdr) is two-dimensional. Otherwise—i.e., if for all A € C this solution-
space is one- or zero-dimensional—we say (3.1.5) is in pencil-limit-point at 0. We
abbreviate these two cases, respectively, by PLC and PLP. Sometimes we will also refer to

the differential expression € — Aw using this classification.

Remark. In Section 3.2 we prove that, when w(r) = r‘V(l + 0(1)) (r — 0) and satisfies

33These were defined in Section 2.2.
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certain technical conditions, we have the following classification. Equation (3.1.1) is in
PLCat0forv €[0,2),itisin PLP at 0 for v € (2, 00), and it is in a “mixed”, A-dependent
situation when v = 2. Indeed, when v = 2 and Im(A) # 0, if Im( VA) > 1 then (3.1.1)
is in PLP at 0, whilst if Im( \/K) < 1 then the equation is in PLC at 0. In other words,
forv =2, we may divide C\IR into the components (), and (). either side of the parabola
Im(VA) = 1, where A € Qy, puts the equation in PLP and A € Q. puts it in PLC, at 0.

For a visual representation of this classification, see Figure 3.1.

Im(A)

Figure 3.1: A-plane for equation (3.1.5) with v = 2

It is well known [37, 133, 15] that for Sturm-Liouville problems that are reg-
ular or classical limit-circle at a given end-point of the interval, one may use a
solution of the equation for any real A in the resolvent set of the associated Sturm-—
Liouville operator—possibly, for example, A = 0—to define a boundary condition
at the given end-point. This owes to the fact that the limit-circle /-point classifica-

tion may be extended from C\R to all of this resolvent set.

The same extension and boundary condition may be utilised here, with care
taken to choose A from R to ensure that, in cases where the pencil has mixed
classification, e.g., v = 2, the expression £ — Aw has a two-dimensional LfOC[O, 1)-
solution space. We may assume with no loss of generality that this condition is

automatically satisfied, for the pencil (3.1.5) when w(r) ~ r (r — 0), by the choice
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A = 0, thanks to the discreteness of the spectrum of L — AP and the fact that we
may translate g by any real A without affecting uniqueness or its properties in the
coming theorems. Define the Lagrange bracket, [u, v](r) = r(uv’ — u’v)(r), for the
differential expression €. This is a compact notation for the boundary term that

emerges from a double integration by parts, as follows:

1
f (v€u — utv) = [u,v](r) (r € (0,1],u,v € C*0,1],u(1) = v(1) = O).

Definition 3.2. Suppose £ — Aw is in PLC at 0, and that the not-everywhere-zero, real-
valued function U solves ¢U = 0. Then a function u satisfies the boundary condition

parameterised by U if and only if
[, U)(0%) = lim (u()U' (r) - w (HU@)) = 0. (3.1.6)

Remark. Conversely, it can be shown that any self-adjoint boundary condition for {—Aw
at the PLC end-point 0 may be written in the form (3.1.6). By selt-adjoint boundary
condition we mean any boundary condition that would restrict the operator generated

by € — Aw and a homogeneous Dirichlet condition at 1, to a self-adjoint realisation.

Definition 3.3 (Domain of L — AP). Let Im(A) # 0. When £ — Aw is in PLP at 0, we
define
D(L—-AP)={ue€e H|fu—- Awu e H, u(1;1A) =0},

and when it is in PLC at 0, we define

D(L-AP)={ueH|lu—-AwuecH, u(l;A)=0, [u,U](0";A)=0}.

Owing to the Remark on page 53 we make the following definition.

Definition 3.4. Let Im(A) # 0. If £ — Aw is in PLP at 0, define u(- ; A) to be the

unique solution in H, up to a constant multiple, of equation (3.1.5). If £ — Aw is in PLC
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at 0, denote by u(- ; A) the unique (up to constant multiple) solution in H, of (3.1.5),
satisfying some self-adjoint boundary condition [u, U](0*; A) = 0 for some non-trivial U
solving tU = 0. We then define the Dirichlet m-function by

(L A)

m(A) = ey (Im(2) #0). (3.1.7)

Remark. This function may be extended analytically to the resolvent set of L — AP. We

e 77

remind the reader that it has a to ensure the correct sign for the Herglotz property,

i.e., so that it maps C* — C*—otherwise it would be anti-Herglotz, mapping C* — C~.

When v = 2 there is no reason to expect the above-defined m to be continuous
across the curve Im(VA) separating (), from Q.. It is not hard to convince oneself
of the following proposition, though since it is not necessary for the purposes of

this work we omit the proof.

Proposition 3.1. When v = 2, there are analytic continuations m, and m, of, respec-

tively m [q, and m [q,, whose domains both include C\IR. Moreover,

my, Te\R # Me [Q\R,

and the boundary condition required for € — Aw to generate my, in the region (O \IR is not

of a self-adjoint type.

Moreover, in the vein of the discussion in Section 2.2 one can show that the fol-

lowing holds.

Proposition 3.2. The pencil L — AP is boundedly invertible wherever m(A) is analytic,
and its eigen-values are the poles of m(A). The multiplicities of the poles are exactly the

multiplicities of the eigen-values.

As we stated in the beginning of the chapter, we will prove a (pair of) unique-
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ness theorem(s) for a particular inverse problem, which we may now formulate.

Inverse Problem 1. Consider a locally bounded w : (0,1] — (0,+o0), so that (3.1.1)
is in PLP at 0, or in PLC at 0 equipped with the self-adjoint boundary condition from
Definition 3.3. Suppose we have specified the admissible sequence S := ((—nz, mn)):;l of
points from the graph of some generalised Titchmarsh—Weyl m-function for (3.1.5). From

S and w recover the potential q.

To establish uniqueness for this problem, we will proceed as follows. First we
transform the differential expression £ — Aw to Liouville normal form. In our PLP
case—i.e., v > 2; we will establish in Section 3.2 that the “mixed” case v = 2 turns
out to be treatable as PLP—the spatial domain transforms from (0, 1) to (0, o),
with the new differential expression chosen to be regular at 0 and in PLP at co. In
our PLC case—0 < v < 2—the transformation maps (0, 1) to some finite interval,
which we scale to be (0,1), and whose orientation we choose to ensure that the

new expression is regular at 1 and in PLC at 0.

Remark. Intuitively, we may interpret this difference in transformation as owing to the
PLC “singularity” at 0 being too “weak” for the associated transformation to map the

unit interval to the half-line, whereas the PLP expression is “sufficiently” singular.

Next we note that the transformation to Liouville normal form correspond-
ingly transforms the m-function, in the sense that the new equation has an m-
function associated with it that is a (non-linear) transformation of the original
m-function (3.1.7). This means that we may interpolate the original m-function
by instead interpolating its transformed version. Moreover, because the classical
limit-point and limit-circle m-functions are formally identical to, respectively, the
PLP and PLC m-functions, we see that we simply need interpolation results for

the classical counterparts. Such a result already exists [118] for the classical limit-
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point case, and we present it in Section 3.3. However an analysis of the avail-
able literature indicates there is no interpolation result for a classical limit-circle
m-function, and a study of the proof for limit-point interpolation offers further
indication that the methods involved are not adaptable to the limit-circle case. In
the same section we discuss this issue, and present a novel proof of interpola-
tion of a particular classical limit-circle m-function, which corresponds exactly to
our transformed PLC m-function. These results, together, allow us to move from

knowing the discrete sequence S to knowing the full (PLP or PLC) m-function.

The final step is application of the generalised Borg-Marc¢enko theorem. This

classical and far-reaching result was discussed in depth in Section 2.3.

The remaining chapter is divided into the following sections. We analyse the
solution-space dimensions for equation (3.1.5) in Section 3.2, proving concretely
the pencil-limit-point/-circle classification of £ — Aw alluded to earlier. In Section
3.3 we discuss the problem of interpolating classical limit-point m-functions and
present our interpolation of a classical limit-circle m-function. We then pull all
the results together in Section 3.4 and round off the proofs of two uniqueness the-
orems for Inverse Problem I. Finally, in Section 3.5 we apply this uniqueness of a
pencil of ordinary differential operators to a problem involving partial differen-
tial operators, singular partial boundary conditions and partial boundary data of

Cauchy type, which we call the Berry—Dennis inverse problem.

3.2 Pencil-limit-point and -limit-circle behaviour

We will analyse here the dimension of the solution space of (3.1.5) with w(r) ~ r™"
and v > 0. It will be helpful to treat the two cases v > 2 and 0 < v < 2 sepa-

rately, respectively in Lemmata 3.2 and 3.3. The first analysis is via transforming
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the problem to Liouville normal form on the half-line and using known large-x
asymptotics of solutions. The second follows a different approach, using asymp-
totic analysis and variation of parameters to build recursion formulae that can be
used to construct a pair of linearly independent solutions to the original equation.
In this second case we could, equivalently, work with the Liouville normal form
on the finite interval, but it is just as convenient here to use (3.1.5) in its original

form.

The understanding of x-asymptotics is deeper for equations in Liouville nor-
mal form when they are presented on the half-line rather than on a finite interval.
The asymptotics we will use for the half-line problem arise from analyses col-
lected by Eastham [45]. They and related asymptotics all emerge naturally as
corollaries or generalisations of the Asymptotic Levinson Theorem [89]. This the-

orem states the following, where we follow the style of [45, Thm. 1.3.1].

Proposition 3.3 (The Asymptotic Levinson Theorem). Let Y’(x) = (D(x)+R(x)>Y(x)

(x € (0, 00)) be an n X n system with coefficients satisfying

* the matrix D(x) is diagonal with diagonal entries labelled di(x) (k =1,...,n),

* uniformly in i, j,t and x the integrated difference ftx Re(d; — d;) is either bounded

from above or below,

e whilst the remainder term R € L'(0, co; C™").
Then there is an n X n fundamental matrix Y (x) whose components satisfy
Y () = O + 0o1)eb & (x — 00), (3.2.1)
where O is the Kronecker-0, taking the value 1 when j = k and 0 otherwise.

One may then prove the following lemma, presented as an example in [45,

59



3. Second-order pencils and discrete data

AR\

Ex. 1.9.1], that describes the asymptotic form of solutions to the one-dimensional

Schrodinger problem with square-integrable potential.

Remark. The potential being in L*(0, o) is sufficient to ensure that the one-dimensional

Schrodinger problem is in classical limit-point at +oo.

Lemma 3.1 (Eastham). Let c be non-zero and R € L*(a, o). Then the differential equa-
tion

~y”’ + Ry = c*y on (a, )

has a linearly independent pair of solutions y. asymptotically given, as x — oo, by

. 1
ye(x) = exp( + z(cx — 2_cf“ R))(l + 0(1)).
Eastham’s Lemma is the key ingredient in the proof of the following classifi-

cation, the first main result of this section.

Lemma 3.2. Suppose v > 2 and o > Y32, and furthermore let q,w € L® (0, 1] be real-

valued and satisfy, as r — 0,

() w(r) = 1+ 0,

(ii) w(r) > w > 0 almost everywhere, and

(iii) q(r) = w(r)O(r*)

Then equation (3.1.5) is

1. inPLPatOwhenv>20rIm\/X21,and

2. in PLCat 0 whenv =2and 1 >Im VA > 0.
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Proof. We write

w(r) = %(1 + el(r)) and

% = () (re (0,1]),
where
ei(r) = O(r™) (r > 0, j=1,2). (3.2.2)

By performing a Liouville-Green transformation [45, Sec. 2.5], with

1
t=1(r) = f p™2dp (re€(0,1)), (3.2.3)

2(t) = T O T u(r(B) (t € (0,00)),
we arrive at the equation

—Z'(t; A)+ Q(t A)z(t; A) = Az(t; A), (3.2.4)

v—2
4

QM) 1= (e162 = Aey + &) (T7'(9) - ( )2 Y1), (3.2.5)

where t € (0, ). Note that if v > 2 we have 1(r) = 52(r'""/2 - 1), whereas if v = 2

then 7(r) = —log(r).

Consider first the case v > 2. In order to apply Lemma 3.1 to (3.2.4) we need

Q(-; A) € L*(0, ). Firstly note that we have Q(- ;1) € L [0, ) since, as t — 0,

loc

() = 'O w(r (1) - 1

(1 257 et

= 0(1), (3.2.6)

(v1(0) = ()
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-1
) al0)
w
= 0(1), (3.2.7)
PP 2 \72
T 1(t) 2—(1+m)
= O(1). (3.2.8)

Thus, from (3.2.5) we see that only the large-t behaviour of Q(¢; 1) determines
its square integrability. Moreover, since t71(f)""? is square-integrable for ¢ in a

neighbourhood of o it is clear from (3.2.5) that Q(- ; A) € L*(0, co) if and only if

” 1
oo > f |(61€2 —Aeg + 82)(’[_1(t))|2dt = f FvI2
" 0

(162 = Aer + &) dr. (3.2.9)

Recall that (3.2.2) tells us €;(r) = O(r*) (r — 0, j = 1,2) where, by the hypothesis
of the lemma, a > v/2 — 1. This implies that the integrand of the right-hand side

of (3.2.9) is asymptotically bounded, as r — 0, by a constant times

—v/24v-2

R <y <7,

since v > 2. Thus by Eastham’s Lemma 3.1 we have a linearly independent pair

of solutions z.(- ; A) for equation (3.2.4) given, as t — oo, by

z.(5 1) = exp (ii (VA - ﬁ frac ;A))) (1+0(D)). (3.2.10)

Now, by a change of variables, the integral in the argument of this exponential

is easily seen to be

1 o2
f {(8182 — ey + 82)(p) - (V 1 2) pv‘z} p~"2dp. (3.2.11)
1(f)
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For sufficiently large t we may split the first part of the integral (3.2.11) so that its

absolute value satisfies

O
< f lerer — Aer + eal(p)p™*dp
1(t)

1
f (6152 — e+ 82)(p)p_v/2dp
()

1
+ f lerer — Aeq + ezl(p)p‘v/zdp.
5

By the hypotheses w, 1/w and g € L7 (0, 1] the second integral here is bounded.
Moreover since both ¢;(p) = O(p®) and a > Vz;z the first integral is also bounded.
Hence (3.2.11) converges as t — oo, pointwise for each A € Cand v > 2. We

denote by C(A) the limit of (3.2.11).

Now v > 2 implies v—2-v/2 > -1, so the second part of the integral in (3.2.11)
is clearly convergent as t — oo, possessing integrand asymptotically bounded
near p = 0 by a monomial whose order is strictly greater than —1. Thus we

observe the leading-order asymptotics

2. (t A) = et VA exp (1%) (1 + 0(1))

—: C.(A)
= e V¥(C.(1) + 0(1)). (3.2.12)

Now consider the case v = 2. As remarked after (3.2.5) the transformed vari-
able t = 7(r) is now given by —log(r), and as before, we need to show Q(- ;1) €

L*(0, c0) to apply Eastham’s Lemma. Again, Q(-; ) € Ly [0, ), since, as t — 0

a(t()) = T ®u(r (1) - 1
= e we") -1

= 0(1),
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(1) = ()
_aw)

w

= 0(1),

and Q(t; A) = (e162 — Aeq + 82)(T_l(t)) precisely. Thus, by the same reasoning as
before, Q(- ; A) is indeed in L?(0, =), allowing Eastham’s Lemma 3.1 to provide us
with the same linearly independent solution-pair as in (3.2.10). In turn, the same

reasoning shows that these solutions satisfy the simpler relation in (3.2.12).

Now, in both cases v > 2 and v = 2, for any solution u(- ; 1) of equation (3.1.5)

and its corresponding transformed solution z(- ; A) of (3.2.4) we have

f rlu(r; A)Pdr = f‘” T H(1)2|z(t; A)Pdt.
0 0

But the leading-order asymptotics (3.2.12) show that

f T_l(t)zlzi(t,'A)Izdt < 00
0
if and only if

00 > f ()2 VM dt = f T () m VAL gy, (3.2.13)
0 0

2
2=

When v > 2 and Im(A) # 0, the transformation 77!(t) = (1 - Z%Vt)_v, so the
growth of the integrand of (3.2.13) is governed by real-exponential large-t asymp-
totics. Since the integrand for u..(- ; A) grows and that for u_(- ; 1) decays, only the
latter solution of equation (3.1.5) (up to scaling by a constant) is in L?(0, 1; rdr). In

other words, for v > 2 and Im(A) # 0, (3.1.5) is in PLP at 0.
On the other hand, when v = 2, we find 77!(t)*> = e¢*. When multiplied
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with the other exponential factor e*2m VM in (3.2.13) we see that if In VA > 1 and

Im(A) # 0 then (3.1.5) is PLP at 0, whilst if Im VA < 1 the latter is PLC at 0. O

Remark. When v = 2 we may represent graphically the L*(0,1; rdr) nature of the so-
lutions of (3.1.5); see Figure 3.1. Here, Qp := {A € C | ImVA > 1} and Q. == {A €
C|Im VA < 1}, s0 that if A € Qy, or Q. then equation (3.1.5) is respectively PLP or PLC.

We now proceed with the proof of the classification of (3.1.5) as pencil limit-
circle when 0 < v < 2. Since we cannot apply Eastham’s Lemma, we will instead

analyse directly the asymptotics and integrability of the solutions of the equation.

Lemma 3.3. Consider equation (3.1.5) with real-valued w,q € Ly (0,1]. Suppose that

0 <v <2, and that

w() = +(1+&0)

q(r) = w(r)ea(r),
g =0(1) (r—0,j=1,2). (3.2.14)

Then there is a fundamental system {uq(- ; A), ua(- ; A)} satisfying uy(r; A) — 1 and
uy(r; A) ~ log(r) as r — 0, and both uq(- ; A) and uy(- ; A) are in L*(0, 1; rdr).

Proof. Transform by v(r) = r'/2u(r), so that (3.1.5) becomes

—0"(r; A) — %v(r; A) = (Aw = q)(ryo(r; A) (3.2.15)

= r‘V<1 + el(r))(/\ - 62(r))v(r; A).

Consider the sequences (vk(- ;/\)) . and (yk(- ;/\)) o defined by

k= k=
77 1
0 (5 A) = a0 () = (Aw = g)(Mou(r; A),

65



3. Second-order pencils and discrete data

AR\

and an equation of the same form for v, satisfying vy(r; A) = /2 and yo(r; A) =

r1/21log(r). After imposing the boundary conditions

vx(7)
yx(7)

=o(r'? (r— 0,keN),

we find that both sequences are well-defined, as each step simply involves solv-
ing a linear second-order equation with an inhomogeneity; this is be variation of

parameters, and shortly we will do the explicit calculation.

We will now drop the A-dependency to simplify notation. If we can show
that the series (note, starting from k = 1) V := Y2, vy and Y := )2, yx converge

uniformly near 0, and satisfy the asymptotics
V(r) = o(r'/2), Y(r) = o(r'"*log(r)) (r — 0), (3.2.16)

then v = vy + V and y = y, + Y, after division by r'/2, is the required solution pair.

Note that vy, yo form a fundamental system in the kernel of the left-hand side
of (3.2.15), and their Wronskian is 1. Therefore, by the variation of parameters

given in Proposition C2, v (and y; in place of vx) must satisfy

Ve (r) = fo r (20(r)y0(s) = yo(r)va(s))(Aw — )oi(s)ds
- Lr 51/2—v< log(s) — 10g(1r))<1 + gl(s))(/\ - 52(5))Z)k(s)ds. (3.2.17)

We want to estimate this integrand. By (3.2.14), this is straight-forward. Since

¢i(r) = o(1) (r — 0), for each fixed A there is 6; > 0 such that

‘(1 re()(A - 82(1’))‘ <2 (0<7<6). (3.2.18)

66



Pencil-limit-point and -limit-circle behaviour

AR\

Furthermore there is 0 < 6, < 1 with

—1+v/2

|log(s) — log(r)| < |log(r)| < r (0<s<r<oy). (3.2.19)

Hence define 6(ep) = min{6,,0,} and ¢g =1 -v/2 > 0.

We will focus on v, for now. By the triangle inequality, (3.2.18) and (3.2.19) we

have, forO<r<odandk=0,1,2,..., the estimate

|vk+1<r)|szwr1/2{ f 5032, (5)lds + 0 f s2€0-3/2|vk(r>|ds}.
0 0

1/2

From this and [vy(r)| < r'/* we derive inductively that

() < o (2

k
(k + 1)!k! €0 ) O<r<o6,k=123..), (3.2.20)

where (z)i := z(z+ 1) - - (z + k= 1) is the Pochhammer symbol. But for all j > 0 we

have
3/2+] (3/2)«
25 <l = K+ D)l <1 (keIN).
Thus (3.2.20) simplifies to
471 \*
loe(r)] < rl/z% (%) (0<r<6kelN), (3.2.21)

implying, by WeierstrafS” M-test for convergence of functional series, that V is
uniformly convergent on the interval (0, 6). Furthermore, by (3.2.21), all terms in
V are O(r'/?*¢0) = o(r'/?), so one half of (3.2.16) is satisfied; it follows that v(r) =

r1/2(1 + O(rgﬂ)) (r — 0), as required.

We appeal to a similar argument in the case of y, using (3.2.18) alongside the
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slightly different estimates

|log()] < 12 (0 < r < 5(e0/2)),

10|AJr! /240
380

[y2 ()] < (0 <r<de0f2),

ke ()] < 212 { [ 50732 yi(s)lds + 70 [ 52032 y(s)lds} (0 < 7 < 8(eq), k € N).

These can be used inductively to show that

23/2) /2(4IA|rg

k
TS . ) (0 <7 <5(e0/2), k € N).

ly(r)| <

Thus, as with vy, the series Y is uniformly convergent on (0,6(80 /2)), and the

estimates prove the second part of (3.2.16): Y(r) = O(r/>+¢) = 0(1’1/ 2 log(r)).

The last claim is that both u; (r) = r~20(r) and u(r) = r1/2y(r) are in L*(0, 1; rdr).
Clearly, for any 6 > 0, on the interval (6, 1) the equation (3.1.5) is regular, so its
solutions are all continuous. We now see that u1(r) — 1, u(r) ~ log(r) asr — 0, so

the claim follows immediately. O

Remark. These results are the realisation of an analogue to Weyl's alternative ([134, 136,
135]; see, e.g., [133, Thm. 5.6]) in the case of the pencil (3.1.1). The curious distinction
between the classical case and ours is that for pencils the dimension of the solution space
can depend on A, as when v = 2. This is in contrast with Weyl's original result, where if
the Sturm—Liouville equation (2.2.1) is classically limit-circle for one fixed A = Ay, then

it is limit-circle for every A € C.

3.3 Interpolation of m-functions

The problem of exact interpolation of complex-valued analytic functions is classi-

cal. In the early 20th century Pick [114] and Nevanlinna [110, 111] independently
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examined the following.

Problem. Let ID denote the open unit discin C,n € Nand zy,...,2,, wy,...,w, € D.

Can we find an analytic f : 1D — D such that fizp)=w;(j=1,...,n)?

They each obtained necessary and sufficient conditions for the existence of such
an f, but uniqueness of the function fails since one may add to f any non-trivial
function whose zeros lie at the set of z; and which has arbitrarily small bound over

134

D, for example a polynomial.”* More generally, one may consider interpolation

from an infinite sequence of points.

Problem. Let (z,);., and (w,), , be complex sequences, and suppose |z,| — oo (n — o).

Can we find an analytic f such that f(z,) = w, (n € IN)?

In this case existence is automatically guaranteed by the theorems of Weierstraf3
and Mittag-Leffler [98, Thms. 10.1 and 10.10] (indeed, this is a special case of
[117, Thm. 15.13]). Once again uniqueness fails®”, since Weierstral’ theorem

guarantees the existence of a non-trivial entire function that vanishes at all the z,,.

As outlined in Section 3.1, we would like to interpolate®® the m-function (3.1.7)
uniquely from its values m, at the sequence of points z, = —n?. It is apparent that
the methods of complex analysis are likely insufficient of themselves to achieve
the uniqueness aspect to this. However a recent result [118, Thm. 5] in the spec-
tral theory of Sturm-Liouville equations provides just such a unique interpola-

tion.

34Note, however, that requiring || f|l.~mp) be minimised, the solution is uniquely found to be a
constant multiple of a Blaschke product; see, e.g., [121] and the references therein.

35The Blaschke product is still the unique minimal analytic interpolant, but there is a necessary
and sufficient condition on the interpolation sequence to ensure convergence of the now infinite
product; again, see [121].

36Whilst it might seem that constructive interpolation is unnecessarily stronger than mere
unique determination of (3.1.7) from the interpolation sequence, it appears from the author’s
calculations that the latter is not an easy result to establish without resorting to these constructive
methods.
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Theorem 3.1 (Rybkin-Tuan, 2009). Let Q € I*(L')(0, o) be real-valued, where this

class comprises all f : [0, 00) — C such that

x+1
I == 11 s @y0,00) 2= Supf |fI < o0.
X

x>0

Suppose mg is the Weyl-Titchmarsh m-function associated with the limit-point one-

dimensional Schrodinger operator™’

2

S(x,-) = —% + Q(x) (x € (0,00))

on L*(0, ), i.e., ms(A) := u’(0,A)/u(0,A) (Im(A) # 0) for any non-trivial square-
integrable solution u(- ; A) of Su(- ;A) = Au(- ;A). If A is from the concave parabolic
region with (ImA)? > 4B5ReA + 4B then

ms(A)—iVA =Y cu(=iVA—fo+1) Z a(ms(—w?) + wx),
k=0

n>0

where

Bo = max{ VEIQI, QI + 5 + eo,

g0 > 0 is any fixed number,

(1/2 + Z)n+1
@)p=zz+1)---(z+n-1)(z€ ),
_ (=n)(n + 1)

Apk = (k')2

1
a)k::k+ﬂo—§.

cn(z) :=(2n+1) (for a.e. z € C),

(n,k>0), and

Remark. We may write the parabolic region of convergence more concisely as Im( VA) >

Bo. It is the concave part of the plane, and its intersection with any non-real ray through

37This is the m-function defined in (2.2.5) witha = 0,b = co and a = 0.
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the origin is an infinite complex interval.

This result does not include, and cannot—to the best of our knowledge—be
immediately generalised to, a classical limit-circle case. Indeed, the proof in [118]

relies on the A-amplitude representation of mg(A), discussed in Section 2.3.

As we desire a limit-circle version to complete our proofs of uniqueness, it
will be instructive at this point to discuss the proof of Theorem 3.1. Two main
ingredients are needed, one of which we already mentioned as Theorem 2.5. The

other is the following lemma [118, Thm. 4]:

Lemma 3.4 (Interpolation of a Laplace transform, Rybkin—-Tuan). Suppose

Fz) = ZIfl(z) = fo e f(B)dt (Re(z) > 0)

is the Laplace transform of measurable f, and that f satisfies

f ) e F(B)ldE < 00 (gg > 0). (3.3.1)
0

Then, for any &y > 0, uniformly>® in any compact subset of the half-plane Re(z) >

&o + 1/2 we have

n

F(z) = i Cn (z + % — 80) Z aF(k + €p), (3.3.2)

n=0 k=0

where ¢, ayy are defined in Theorem 3.1.

Remark. Noting that

2\, T (1 ! ) 2y
e Cr—— <1+ e
V27 V27

with y = max{ /2||Qll, el|Qll} we start to see where the constant By =y +1/2+ eo comes

38The authors also provide the error O(N-Re@*1/2+é) ypon truncation of the series at its N-th
term, which is superfluous to our needs, but is useful when implementing the series in a numeri-
cal procedure.
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from in Theorem 3.1 (the 1/2 + €, part lies in Lemma 3.4). Clearly from (2.3.7) we see
that ms(—x?) + x is of the form F(x) to be plugged into Lemma 3.4. One only needs to
check that it may be written in a way that involves an appropriate f. This is achieved by
carefully splitting up the exponential term, using part as the Laplace transform integral
kernel and the other part to ensure the negative-exponentially weighted L'-convergence

required by the Lemma. The appropriate way to do this emerges from Theorem 2.5.

A further remark is that, since the proof of Theorem 3.1 relies fundamentally on the
exact formula 2.3.7, one would need an equivalent version for the classical limit-circle
case on the finite interval (0,b). Such an exact formula does not (yet) exist. The best
found yet comes from Simon’s original work on the matter, [120, Eq. (1.24)]. In our
case, it amounts to truncating the integral to the interval (0,a) C (0,b), and noting the

resulting error is of order O(e=2"1=9Re®) for every & > 0.

We also observe that this is quite different from the classical interpolation result of,
say, Lagrange®’ [86]. Classically to interpolate (formally) from an infinite sequence one
truncates the sequence at the N-th term, constructs the (at most) N-th-order Lagrange
polynomial interpolant, then takes the limit as N — oo. This differs from Lemma 3.4,
since it produces a sequence of polynomials where the latter instead has partial summands
that are rational functions. Moreover the convergence of the Lagrange interpolants takes

place uniformly in any compact subset of C, without the restriction Re(z) > ¢y + 1/2.

The remainder of this section is dedicated to establishing an analogous re-
sult to Theorem 3.1, for a particular finite-interval classical limit-circle Sturm-
Liouville problem. The methods we will use are of a more elementary, ad hoc
nature than those underlying Rybkin and Tuan’s deep result. Nevertheless, we

hope the result can be generalised in method and scope.

Proposition 3.4. Suppose 0 < b < oo and Q € L}(0, b) is real-valued. At 0 the differen-

39 Actually, it was originally due to Waring [132]; for a detailed review of the topic, see [102].
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tial equation
— () + (Q(x) - é)z(x; N =2z A) (xe b)) (333)

is classical limit-circle non-oscillatory over L(0, b).

Proof. If we were to restrict the problem to the interval (0, 1) it is almost exactly
of the form in Lemma 3.3, with w(x) = 1 (i.e,, v = 0 and ¢;(x) = 0). The major
difference is that to apply the lemma directly we would require at least Q(x) =
o(1) (x — 0). Whilst this is clearly not necessarily true, we can easily adapt the

methods of proof.

As before we seek a pair of solutions, which we denote z(- ;A) and y(- ; A).

Define the sequences

—2/ (G A) = hza@A) = (A - QW)z(x A), 2 A) = x17,
~y7 (6 A) = Zyea (@A) = (A = Q@))yk; A), yolx; A) = x12 log(x),

and impose the boundary conditions

zk(x) = 0(x'?) (x > 0,k e N).

yi(x)

Firstly note that z, and y, are always a fundamental system in the kernels of
the left-hand sides of the differential equations defining the sequences, and their

Wronskian is 1. Hence by variation of parameters

2 (1) = x'V2 f % log(s) - Log(0)(1 - Q) s,
0

Y (1) = 27 fo 5% log(5) - log(0)) (1 - Q)i ),
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and if we choose x < 1 we may estimate

2 (35 1)) < 172 f 12/ Tog(s)l1A — Q(s)llz¢(s: A)lds,
0

s (65 )] < 2172 f 12/ Tog(IA — Q(E)llye(s: A)lds.
0

Clearly fox A = QI <IA = Qllp101), and for each &y > 0 there is some 0 < 6 < 1 such
that x |log(x)| < x [log(x)]* < x!"® whenever 0 < x < 6. Working inductively we

are then able to show that, when x < 9, both
lzi(x; A, Ly A < 2294 = Qllpy)* (k> 1).

Hence for 0 < x < min{§, ||A — Q||} we see that the series

[o¢]

2 0) = ) mlw ),

k=0

Yo A) = Z yr(x; A)
k=0

are absolutely and uniformly convergent.

In a neighbourhood of 0 both sums formally solve (3.3.3). Moreover we may

estimate the tails of the sums and write
z(x; A) = x1/2(1 + O(xl'go)) and y(x; A) = x1/2 log(x)(l + O(xl—fo)).

By unique continuation these may be extended to solutions of (3.3.3) on the whole
of (0,b). Since the differential equation is regular on (6/2,b), all solutions are
in L?(6/2,b). It follows from the asymptotics of the series that both z(- ; ) and
y(- ;A) € L*(0,b). Finally, the last pair of asymptotic relations demonstrates that

neither solution has any zeros in a sufficiently small neighbourhood of 0. O
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Since the problem is limit-circle at 0 we require a boundary condition there so
we may define our m-function at the other end-point. We will use the Friedrichs
or principal condition. Let U, be a principal solution of (3.3.3), i.e., U, is non-
trivial and for any linearly independent solution V we have U,(x; A) = o(V(x; /\))
as x — 0. The Friedrichs boundary condition at 0 is the requirement that a solu-
tion z satisfy

Fr[z](0%; A) := [z, U,](0*; A) = 0. (3.3.4)

Remark. This boundary condition forms part of a characterisation of the so-called Friedrichs

extension. The details may be found in, e.g., [112, Thm. 4.3].

We write (3.3.3) and (3.3.4) as the partial boundary-value problem

—2"( 1) + (Q@) - ) z( 1) = Az(x;A) (x€(0,b)),
Frz](x; A) - 0 (x = 0),

(3.3.5)

which, up to a constant multiple, uniquely specifies a solution z(- ; A) thanks to
Proposition 3.4. Taking such a non-trivial solution, we choose a purely Robin

(-to-Robin) m-function, i.e., for i # H both real, the unique m, (1) satisfying®'°
2/(b; A) — Hz(b; ) = my,u(A)(2'(b; A) = hz(b; ))- (3.3.6)

We will interpolate this m-function, in the style of Theorem 3.1. One portion of the
work is the application of the interpolation result for Laplace transforms, Lemma

3.4, in the same way it was used for Theorem 3.1.

The other portion is as follows. We will find a Laplace transform representa-

tion of my, y(A) by first constructing its so-called Mittag-Leffler series expansion

310Whilst this is not simply a constant times any m-function of the form (2.2.5), it is clearly a
fractional linear transformation of one. By Corollary Al, if i > [<]H then my, ;y is [anti-]Herglotz.
We will provide an alternative more direct proof of this latter fact on page 79.
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(see, e.g., [38, Ch. 8]) then algebraically relating it to a Laplace transform. We

then prove that condition (3.3.1) holds, allowing us to apply Lemma 3.4.

First we mention some preliminary results. The following is well known:

Lemma 3.5. A self-adjoint operator associated with a classical limit-circle non-oscillatory
Sturm—Liouville expression and separated boundary conditions on a finite interval pos-

sesses a spectrum comprising simple eigen-values accumulating only at +co.

Proof. One way to observe this is to use the Niessen—Zettl transformation [112] of
such a problem to a regular problem on the same interval, then recall that spec-
tra of regular separated Sturm-Liouville problems also comprise simple eigen-
values only accumulating at +oo; see, e.g., [37]. Alternatively the eigen-value fact

is proved in general in, e.g., [92, Ch. 2]. m|
Define the operator

D(Ly) = {z € L*(0,b) | —z"(x) + (Q(x) — 1/4x%)z(x) € L*(0, b; dx),
[z, U,](0%) = 0,2 (b) = hz(b)},

Lyz(x) = —2"(x) + (Q(x) — 1/4x*)z(x) (x € (0,1)).

Lemma 3.6. The Weyl-Titchmarsh m-function my, i is meromorphic in C. Its poles and
zeros are simple, interlace on R, and are found at the eigen-values of, respectively, L, and

Ly, accumulating only at +oco.

Proof. The differential expression is classical limit-circle at b, so with the given
boundary conditions, L, and Ly are self-adjoint owing to Lemma 2.1. Since the
boundary conditions are separated the eigen-values must be simple, by Lemma

3.5. Classical interlacing theorems [92, Thm. 1.3.1-2] guarantee that when h # H
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the eigen-values for L, and Ly interlace. That they accumulate only at +co follows

from Lemma 3.5.

Finally we observe that the poles of mj,y occur at A for which the non-trivial

solution z(- ; A) to (3.3.5) satisfies

Z(b; A) = hz(b; M), (3.3.7)

i.e., when this solution is an eigen-function of L;. Similarly the zeros occur when

2(b; A) = Hz(b; A). 0

In Lemma B1 we show that in the classical limit-circle non-oscillatory case,

enumerating the eigen-values in increasing order as A,,, n =1,2,3,..., we have

A = (n + 1/4)*7%/0% + O(1),

VA, = (n+ 1/4)m/b+ O(1/n) (n — o). (3.3.8)

For each n, the eigen-function ¢, corresponding to A, is defined by

On = 90( ;/\n)/

where ¢ solves (3.3.3) with initial conditions ¢(b; A) = 1, ¢’(b; A) = h. Suppose
is the linearly independent solution with (b;A) = 1,¢’(b; A) = H, and

O() = (05 1), W(A) = P(0%; 1),

Then, by checking that f(x; A) := ¥(x; A) + my, g(A)@p(x; A) satisfies the “boundary

condition” in (3.3.6), it follows that

My p(A) = ———=. (3.3.9)
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Therefore, ®(A,) being 0 implies via integration by parts that,

H —h = f'(b; ))pa(b) = f(b; 1)@, (b)

b
= (1= 1) fo £ )gn

b b
W)
CD’(/’\ )f P> as A — A, (3.3.10)

If we denote the norming constants associated with A, by a,, := fob @2 then we see
from (3.3.9), (3.3.10) and the standard formula for evaluating residues at simple

poles that the residue of the m-function at its poles is given by

oy YA,y H-h
Res(my py; Ay) = v a (3.3.11)
In Lemma B2 we show that the norming constants satisfy
a, =b/2+ 0O(1/n). (3.3.12)

We may now state the Mittag-Leffler series result for my,

[oe]

Lemma 3.7. Uniformly for A in any compact set that is non-intersecting with {A,}

n=0’
we have a Mittag-Leffler series representation for the Robin m-function given by
H v h-H
mpa(A) — 7 Z =) (3.3.13)

Proof. The asymptotics (3.3.12) and (3.3.8) immediately imply that, uniformly for

A in any compact set bounded away from {A,}° ., as n — oo we have

n=1/

a(A = A,) = (g ; o(%)) ((n ; i)z Zzz ; 0(1)) ”;Zz.
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Thus Y., m is convergent, uniformly for the same choice of A. Moreover,
i 1 0 tm@) > ) (3.3.14)
p— an(A = Ay)

We need to link the series with the m-function. We do this via Herglotz-type prop-
erties of my, ;. For completeness we briefly repeat here the following well-known
calculation, showing that my, ; is (anti-)Herglotz (see Section 2.2 and Appendix

A). Observe that for any non-trivial solution z(- ; A) of (3.3.3) and (3.3.4) we have
- b —_ p—
A=) [ 252026 52) = 0= E) ) = D),
0

so subtracting the complex conjugate of this whilst noting z(- ; A) = z(- ; A) shows

that
jﬂmmﬁ=w—mgﬁ@ﬂ@
0 Im(A)
Hence, if h > H then my,  is in the Herglotz class of functions that map the upper
and lower half-planes to themselves, whilst if 1 < H then my, j; is the negative of

such a function, known as anti-Herglotz.

As remarked in equation (2.2.6) and Appendix A, all (anti-)Herglotz functions

have a Stieltjes integral representation; here

1 "
m(A) = A+ BA + jﬂ; (ﬂ - tZ)dp(t),

where p is the spectral measure associated with the problem (3.3.3), and

A =Re(mu(i), B= lim (i)

T—+00 1T

Note that p is increasing if and only if # > H. Furthermore as a measure it assigns

“mass” only at points in the spectrum of the Sturm-Liouville operator associated
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with (3.3.3), i.e., for any dp-integrable g,

f 8(t)dp(t) = i Yn8(An),
R n=1

v» being the mass at A,,. Thus

. 1 A
A)=A+BA+ . — .
My i1(A) ;V (An—/\ 1+Ag)
Integrating anti-clockwise on a sufficiently small, simple, closed contour around
A, and comparing with (3.3.11) shows that y,, = —Res(my,; A,) = h;TH Hence we

may split up the sum and write

. = -H
(A = A + BA + Z i (3.3.15)
n=1

- ay(Ay = A)
To proceed, we need large-Im(A) asymptotics of my, y(A). Expressing my, iy in terms
of the Neumann m-function my(A) := z(b; A)/z’(b; A) and using Lemma C3, we see
1-Hmy(A) 1+iHVA H

1 — hmy(A) ~ L+ VA — m (Im(A) = +00).

my,a(A) =

Applying this and (3.3.14) to (3.3.15) we see*!! that A = H/h and B = 0. O

Remark. Our calculations proving this result are adapted from parts of a calculation in

[91, Ch. 3] for a regular Sturm—Liouville problem in normal form.

Lemma 3.7 gives us enough to deduce a Laplace transform representation of my, 4,
and hence our interpolation result. For the reader’s convenience we state the

theorem in full.

Theorem 3.2 (Classical limit-circle m-function interpolation). Under the hypothesis

311This corrects the minor error “A = 1” in [27].
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that Q € L*(0, b) is real-valued, the Robin m-function

2/(b; \) — Hz(b; \)

mpu(A) = 2/(b; A) — hz(b; A)

for any non-trivial square-integrable solution z(- ; A) of the limit-circle non-oscillatory

problem

—2(x; M) + (Q(x) - ﬁ)z(x; N =z A) (xe D)
(U, z](0%;A) =0,

satisfies the interpolation formula

[o0]

) == Y 6,112 VDY o (- G+ 87) - 7).
k=0

n=0

Here > 0 is fixed,

(1/2 - z),
(1/2 + Z)n+1

@p=zz+1)---(z+n-1)(z€ ),

(=n)k(n +1)
Ay = % (n,k > 0),

cn(z) = 2n+1) (fora.e. z € C),

and the convergence of the series is uniform in any compact subset of Im( VA) > 1/2 + .

The proof uses Lebesgue’s dominated convergence theorem. To apply it we

will need the following lemma:

Lemma 3.8. Let &y > 0 and denote p, = VA, Then gn(t) := e YN Snpnl) o

n=1 QnPn

uniformly bounded, in t € (0,00) and N € IN, by a fixed integrable function.

Proof. Firstly note that the asymptotic expansion (3.3.8) may be written as p, =
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(n+1/4)1 + €, where ¢, = O(1/n). Then, for each fixed t > 0,
sin(p,t) = sin ((n + 1/4)7'ct) cos(e,t) + cos ((n + 1/4)7Tt) sin(e,t). (3.3.16)

Write ¢y = 20. It would be enough to find an L'(0,27) function that bounds,

uniformly in N, the expression

N .
sn(t) == e Z sin(pn) (t € (0, 271)),

AnPn

n=1

so that gn(t) = e sn(t) (t € (0, %)) is dominated by an L'(0, o) function, thanks to

the exponential decay of e™. So, notice that

et Ollog(m)/m) (0=t <o log(n)),

ot < e—og—l log(n) — 1/n, (t > g1 log(n)),

so that e™ sin(e,t) = O(1/ /n); by a similar argument e‘“t( cos(e,t) — 1) = O(1/n).
Both estimates are uniform in t > 0. With (3.3.16), these are enough to ensure a

constant bound for

N
) — o Z sin ((na+p1/4)7'(t) (t o 27{)).

n=1

Hence, substituting the asymptotic expansions (3.3.8) and (3.3.12) into the sec-
ond sum in the above expression means the following: if we can show that both
2521 cos(nx)/n and Zﬁizl sin(nx)/n (x € (0, 271)) are bounded, uniformly in N, by
some fixed element of L!(0,2m), then it will follow that so is sy(t) (t € (0, 2n)),

proving the lemma.

We will prove the uniform L'(0,27) bound for the cos-series; the same ap-
proach produces a similar bound for the sin-series. Denote by cy(x) the partial

sum Y.\, cos(nx)/n. This is an anti-derivative of the conjugate Dirichlet kernel
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sum [31, Sec. 15.2]—for the sin-series use the usual Dirichlet kernel—meaning

cos (N +1/2)x) - cos(x/2)

N
cly(x) = - Z sin(nx) = 2sin(x/2)

n=1

Thus ¢},(x) is bounded by 1/sin(x/2). Noting |cn(7)] < 1, we see |en(x)] < 1 +
fn * lcyl < 1 + 2log|cot(x/4)|, which is certainly integrable over (0,2m) since to

leading-order it is —log(x) for x near 0 and —log(2m — x) near 2m. O

Proof of Theorem 3.2. We first observe that the Mittag-Leffler series (3.3.13) may be

written as

() f oS0 4y Re(r) > 0). (33.17)
0 &Py
Assuming that integration and summation may be interchanged (we show this

below) we see that (mh,H(—KZ) - H/ h)/ (h — H) is the Laplace transform .Z[ f](x) of

[ee]

f =Y Sn(ut) - 5 ), (3.3.18)

nEn

n=1

We now prove the convergence of (3.3.18) and justify the interchange of summa-

tion and integration in (3.3.17).

From (3.3.16) we have sin(p,t) = cos(rtt/4) sin(nmt)+sin(nt/4) cos(nmt)+O(1/n).
Hence, by (3.3.8) and (3.3.12), the pointwise convergence of (3.3.18) is determined
by that of the series } 72, ¢’*/j. But this is simply the Fourier series for the 27-
periodic extension of the expression —log |2 sin(x/2)| + i(rt — x)/2 (x € (-, n)) SO

the pointwise convergence of (3.3.18) is immediate.

N sin(put) .
n=1 QnPn 18

We may now simply apply Lemma 3.8 to see that gn(t) := e Re®! Y
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dominated by an integrable function. Dominated convergence follows, so

my, g (—1) — % =(h- H)f e f(t)dt (Re(x) < 0).
0

All that remains is to check condition (3.3.1). But that it holds is obvious, since,
by dominated convergence, e™*|f(t)| is integrable for every 6 > 0. Therefore, by
application of the interpolation result (3.3.2) to F(k) = my,y(—x*) — H/h, the the-
orem follows, with uniform convergence in any compact subset of the parabolic

A-region Im(VA) > 1/2 + B. |

3.4 Uniqueness theorems for the inverse problem

The main result of this chapter is a pair of uniqueness theorems for Inverse Prob-
lem I. We will state and prove these here, by means of Theorem 3.1 and our inter-
polation result in Theorem 3.2. The uniqueness theorems are kept separate due
to certain technical conditions in both being similar in representation but funda-

mentally different in structure.

Theorem 3.3 (Uniqueness in the PLP case). Fixv > 2,¢c > 0and a > v/2-12>0,

and let w,q € L}, (0,1], with q real-valued and w > c. Suppose that w',w” € L7

0,1].

Suppose also that, as r — 0,

(i) wir) = ~ (1+00),

o
(it) q(r) = w(r)O(r?),
(iii) (w(r)r’) = O¢2), and (w(r)r*) = (™).

If wis known, then the interpolation sequence S = ((—nz, mn)):;l, of values (in the graph)

of the PLP Dirichlet m-function (3.1.7) for (3.1.5), uniquely determines the potential q.
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Proof. We need to transform the differential equation to Liouville normal form,
as it is for m-functions associated with such problems that we have interpolation

formulae. In this case we set

t:m):f@,

z(t(r)) = r2w(r) 4 u(r) (r € (0, 1)).

This leads to the corresponding solution space L?(0, co; 71(#)"dt) in which we seek
z(- ;A) and over which the equation is PLP at t = +oo (or, in the case v = 2,
has the PLP/PLC behaviour outlined in Section 3.2). This is not problematic
since, although the classical limit-point m-function is defined using solutions
from L?(0, ), by their definition the two m-functions are linearly related: if ms

denotes the Schrodinger m-function—as defined in, e.g., Theorem 3.1—then
ms(A) = —%w(l)‘m -~ %w(l) 320/ (1) + w(1)"2m(A). (3.4.1)

That the domain in which t lies is (0, o0) follows from the fact that 7(r) ~ fr Lsvi2ds -

o0 as ¥ — 0. The equation satisfied by z is

—2'(A) + Q) A) = Az(t; 1) (t € (0,09)), (3.4.2)
where
Q(T( )) q(()) —1/2w(r)—3/4% {7’%(7’_1/2@0(1’)_1/4)} (343)
--(5 2) P14 T0) + e) (re©1),
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e1(r) =wr)r’' -1, (3.44)
e(r) = % (3.4.5)

e1(r) 2 \2 ()

_1+€1(r)_( 2) (1+ &1(r)2

L5 rer?’ v re’(r)
V=220 +e(()P V=221 +e(r)?

c(r) =

V-

(3.4.6)

We now want to apply Theorem 3.1 to the m-function of equation (3.4.2);
for this we need fx i |Ql to be a bounded expression in x € (0,00), ie,, Q €

[°(L1)(0, o). It would suffice that Q € L*(0, ). Notice that

x+1 x+1
f Q(ldt = f

By applying the hypotheses (i) and (iii) to (3.4.4) we easily observe that

(% )2 O 21+ L(17(0)) - a1 (0)

e\(r) = 0@ c O(r' ") and &/ (r) = O¢™) (r — 0).

Thus C(r) € Ly, (0,1] and is O(r*) as r — 0. Further w,q € Ly (0,1] implies that
&,(r) is bounded. Therefore Q € L®(0,00) C I*(L')(0, o), so (3.4.2) is in classical
limit-point at co. Since the integral hypothesis of Theorem 3.1 is satisfied, ms can

be interpolated from its values at the points (—7*)% ;. Then we may transform

back to m by (3.4.1).

In particular, given any non-real ray through the origin and the sequence of
interpolation pairs

((=2,m) ", (3.4.7)

for any A on this ray we can calculate the value of m(A). Choosing any such ray

in the first quadrant and applying Theorem 2.4 we immediately have that Q and
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hence g are uniquely determined by the sequence S. m|

Remark. For this proof to work it is crucial to know w everywhere in order to be able to

reverse the transformations (3.4.1) and (3.4.3).

Theorem 3.4 (Uniqueness in the PLC case). Let 0 <v <2,c > 0and a > 0, and fix
w,q € Ly (0,1], with q real-valued and w > c a.e.. Suppose that w’,w” € L (0,1], and

that,asr — 0,
(i) w(r) = l(1 +0(r))
v !
(i) q(r) = w(r)O(r*~2),

144

(iii) (w(r)r) = O, and (w(r)r*)” = O*2).

If wis known, then the interpolation sequence S = ((—nz, mn)):;, of values (in the graph)
of the PLC Dirichlet m-function (3.1.7) for (3.1.5) with boundary condition (3.1.6),

uniquely determines the potential q.
Remark. The hypotheses of this theorem differ from those of Theorem 3.3 by the range of
possible v’s and the technical condition (iii).

To prove this result we will need the following lemma:

Lemma 3.9. Let 0 <v <2, ¢>0andc <w € Ly (0,1]. If w(r) = r‘V(l + 0(1)) as

r — 0 then

7(r) = fo r Vw (3.4.8)

is invertible everywhere on (O, b:= fol \/E) and satisfies

() = (22;vt)i (1+01) (¢ 0). (3.4.9)
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Proof. First note that vw is integrable. Thus the function 7 is clearly continuous
and strictly monotone increasing, since 7’ > +c > 0, implying its invertibility. By

the asymptotic hypothesis of w, for any ¢y > 0 there is 6 > 0 such that

2

. r2t (0<r<0),

(1+ €p) P> T(r) > (1 — &)

2—v

Now observe that for any two strictly increasing invertible functions f and g,
sharing a domain D C R and satisfying f < g everywhere, we have f™! > ¢!

everywhere in f(D) N g(D), since if there were y with f~(y) < ¢'(y) then

y=f(f"W) < (s W) < (s W) = v.

It follows that
2-v \T 2-v \7 2
(mt) <T (t)<(mt) <O<t<(1—60)2_v(3 )
It is now simple to deduce (3.4.9). O

Proof of Theorem 3.4. In what follows all asymptotic estimates are as r or t — 0.
Since we want to apply Theorem 3.2 we must transform (3.1.5) in the following

way:

t:m):fo’\@

Z(T(l’)) = r'2w(r)u(r) (r € (0, b)).
This gives rise to

—2"(t;A) + QB)z(t; A) = Az(;A) (t€ (O,b)),
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Here the potential is given by

Q(x(n) = - (%)2 (14 L) + alr),

with €, and C given in (3.4.5) and (3.4.6). We calculate from Lemma 3.9 that

~ (2 ; V)z (1) C = _ﬁ(l + 83(t))r

where ¢3(t) = 0(1), and is also continuous, implying it is bounded.

To apply Theorem 3.2 we need Q(t) := Q(t) + 1/4t> € L*(0,b;dt). Recalling
(3.4.4), we use condition (iii) to observe ¢}(r) = O(r*') and &7 (r) = O(r*~?). Thus,
by (3.4.6), C(r) = O(r*) = o(1). By hypothesis all of the functions ¢, €3 and C
are bounded except possibly in a neighbourhood of 0, and by their asymptotic

behaviour at 0 they are all square integrable. Since f(f) € L*(0, b; dt) if and only if
f (’c(r)) € L%(0, b; \Jw(r)dr) we see Q € L*(0, D), as required.

Hence, by Theorem 3.2 the Robin m-function (and by a fractional linear trans-
formation, any m-function) is uniquely determined by the sequence S. Theorem

2.4 concludes the proof. m|

Corollary 3.1. In either theorem, any finite number of values m(—n?) in the interpola-
tion sequence may be discarded yet the m-function, and hence the potential, will still be

uniquely determined.

Proof. Since, in (3.3.2), the parameter ¢, > 0 may be chosen freely, one may take
&g to be any positive integer. The resulting interpolation formula does not require
the values F(1),...,F(¢y — 1) and so the values m(-1),...,m(—(gy — 1)?) are not

needed. m|

Remark. One final curious point to note is as follows. Firstly, these uniqueness theorems

rely on the interpolation results in Section 3.3. The interpolation results are, however,
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stronger than mere unique prescription of an m-function from the given sequence, since
they are in addition constructive. One might hope that an answer to the question of
uniqueness of an m-function interpolant could be separated from the constructive nature
of the interpolation theorems. To the author’s best understanding, this has not yet been

done, and appears to be a difficult problem.

3.5 The Berry-Dennis problem

At the beginning of this chapter and in the introductory chapter we mentioned
that we can achieve uniqueness in inverse recovery of a partial differential op-
erator in two dimensions as a corollary of Theorem 3.3, which as written above
applies to an ordinary differential operator. We will prove this now. For the
reader’s convenience we elaborate on the set-up outlined in Section 1.3. The
analysis was originally conducted by Marletta and Rozenblum [99] to resolve
a seemingly paradoxical non-self-adjointness result of Berry and Dennis [21]. We

repeat it here in the framework defined earlier in this chapter.

Take a planar domain Q; = {(x,y) € R* | x> + y* < 1,x > 0} in the shape
of a half-disc. Its boundary d€2; is assumed to be divided (up to the point set

comprising (0, il)) into the straight portion I'; and semi-circular portion I';:

I ={0,» y e (=1L}

T ={(x,y) | > +y*=1,x> 0}

Define the operator given by the negative Laplacian in ); equipped with a Berry—

Dennis-type boundary condition on I'; and a homogeneous Dirichlet condition
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on Fii

D(¢) := {U € L*(Qy) | AU € L*(Q), U Ir,= 0, (U + eyd, U) [r,= 0},

eu = -AU, (3.5.1)

In polar coordinates x = (r, 9) the Laplacian is given by A = 92/dr* + (1/r)d/dr +

(1/7%)9% /992, meaning the action of ¢ is that of the negative Laplacian
1 1
=0, =k

Since on T'; the normal derivative is given by —d, = +r~1ds (8 = £7/2), we find

that the singular boundary condition in the definition of £ becomes
U(x) + edyU(x) =0 (r €(0,1),9 = ig)

Hence, after performing the separation of variables U(r, 3) = u(r)®(9) we arrive

at the angular eigen-value problem

—@"(9)
—0(9)

AO(S) (9 € (-m/2,m/2),
c®(9) (9 ==+n/2),

where A is the parameter introduced by the separation. The operator associated

with this is easily calculated to possess eigen-values and eigen-functions

Ay =n> (neN);

e=d¢ (n=0),
©,(8) =3 cos(nd) — (ne)'sin(nd) (n even),
cos(nd) + nesin(nd)  (n odd).
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Formally writing U(r, 9) as the sum )., ©,(9)u,(r) and then requiring this
formally satisfy the differential equation and boundary conditions in ¢ produces

the countable collection of systems

—%(ru’n(r))/ + %un(r)

un(l) = 0

0 (0O<r<1,

which generates the collection of ordinary differential operators

D(t,) = {u € LX(0, 1;rdr) | " (ru' () + Aur ™2 € LX(0, 1;vdr), u(1) = 0},

1 d dl/l /\n
Cou(r) = - (ra r)) — r_2u(r) (n=0,1,2,...).

Now we are in the regime of the pencil classification system developed in
Section 3.1. We have w(r) = 172 so ¢, is from the “mixed” PLP/PLC class. Since
A =—=Ay,—A4,..., we find from Lemma 3.2 that the ¢, are all PLP for n > 1, whilst
o is PLC. To find a self-adjoint restriction of {, we need to adjoin to it a boundary
condition. As per Definition 3.2, we choose a uy in the kernel of {,—in this case
taking u(r) = sin (6_1 log(r))—to parameterise such a boundary condition. Then

the operator

D(&}) := D(€) N {u € L*(0, 1;rdr) | [u, uol(r) — 0 (r — 0)},

1d

d
lyu(r) = =~ — (rd—‘r‘(r)) u(r) (3.5.2)

is a self-adjoint restriction of £,. It follows that the orthogonal sum of operators

' =, ® &), written more precisely as

D(t) = {u € L*(Q))

AU € L*(Q), U Ir,=0, (U + eyd, U) Ir,= o,f upAU = 0},
Q

1

U = -Al, (3.5.3)
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is a self-adjoint restriction of £.

Remark. The condition le upAU = 0 is written with a degree of informality, since,
of course, uy is a function on (0,1), not €. In fact we mean uy(r,9) = Oy(uy(r) =
e ¥t sin (8_1 log(r)). Intuitively, one may take the condition to mean that either U oscil-
lates in phase with g in a neighbourhood of 0 or else it decays rapidly enough that the
Lagrange bracket at this point, of its radial component with uy, is of o(1). By applying
Green'’s formula to le\ s, HoAU one can easily calculate that it is completely equivalent

to the Lagrange bracket requirement in the definition of €.

As remarked in [99] the self-adjoint €’ has discrete spectrum accumulating at +oo alone.

The above Marletta—Rozenblum version of the Berry—Dennis model inspires
an inverse problem with a curious method of resolution, which we are now able
to explain. Let g : 1 — R be a Schrédinger potential from some class of functions
left, for now, unspecified. Define the map A, : h — —d,U |, (h e HY 2(l“i)) where

U is the L2(Q) solution to

(-A+g@)ux) = 0 (xeQ),
1+eyd)U(x) = 0 (xeIy), (35.4)
U(x) = h(x) (xelj),
le uAU = 0.

Inverse Problem I'. From a given Dirichlet-to-Neumann operator A, recover the po-

tential q which gave rise to it.

Remark. This inverse problem is well defined, since once again the operator associated
with the above boundary-value problem is self-adjoint with discrete spectrum, which may
without loss of generality be translated so as not to include 0 by addition of a suitable

constant to q. Without the final integral boundary condition €' would be the adjoint of
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a symmetric operator, yet have spectrum C, meaning 0 would not be in its resolvent set.
Therefore the differential equation and boundary conditions would well-define neither a

solution U nor, consequently, the above Dirichlet-to-Neumann map.

Our proof of uniqueness for this inverse problem uses a novel technique, re-
lated directly to the results earlier in this chapter. Using the Marletta—Rozenblum
decomposition we may reduce the problem to a family of one-dimensional prob-
lems in the case of a spherically-symmetric potential. This family may then be
analysed as a single one-dimensional inverse problem with a spectral parameter,
and, as may already have been guessed by the reader, this final inverse problem
is of the type tackled in the earlier sections of the chapter. The remainder of the

section, and chapter, details this process.

The crucial assumption needed is spherical symmetry of the potential. So, let

q € L (0,1], and consider (3.5.4) with this g, i.e., the system

(-A+q0D)u = 0 (xeQ),

(L+eyd)Ux) = 0 (xel),
Ux) = h(y (xel),
Joo, oAU = 0

With h = 0, the system defines the self-adjoint operator

f uoAU = 0},
QO

L'UK) = (= A +g(x))U) (x € Qy),

D(L") := D(£L) N {u € L*(()
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U(x) + eyd, U(

<
Il
I
—_

Figure 3.2: A diagram of ()4 and a non-self-adjoint boundary-value problem

which is a restriction of the operator

D(L) = {U € L(Q) | (-A + U € L), (1 + fo,)U Ir,=0=U Ir},

LU() = = A +q(x))U),

where f(0,y) = ey.

One may prove, working in the same way as with ¢, that L’ is isometrically
equal to the orthogonal direct sum of the ordinary differential operators L, and

L, (n > 1) given by

D(Ly) = {u € L*0, L;rdr) | - r—l(m'(r))' +(q(r) — € 2r ) u(r) € LX(0,1; rdr),

u(1) = 0 = [up, u](0%)},

1d 1

d
Lyu(r) == PrP (rd—;l(r)) +q(r)u(r) — ﬁu(r), (3.5.5)

D(Ly) = {u € L2(0,1;rdr) | - r—l(m'(r))' + (q(r) + 12 Du(r) € LX0,1;rdr),

u(1) =0},
2

Lu(r) = —%% (r%(r)) +q(Au(r) + ’:—2u(r). (3.5.6)

Being concerned with an associated inverse problem, we will consider the
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generalisation for A € C of L) and L, (n > 1) given by

D(L,) := {u e L*0,1;rdr) | - r‘l(ru'(r))/ +(q(r) = ArHu(r) € L*(0, 1;rdr),

(1) = 0, xo. (M), u](0) = 0},

1d rdu
rdr

A
Ly:=—-— a(r)) +q(rju(r) — r_2u(r)’
where xq. is the characteristic function of the set ()., defined in the remark after
Definition 3.1. Then for n > 1 each £;, = L, whilst £,; = L, and in fact £, is

precisely the pencil L — AP defined in (3.1.1). The differential equation given in
Lyu = 0is simply (3.1.5) with w(r) = 1/r%.

Remark. As we can see, even the domains match up, for the choice A = 1/€? puts us into
the complex parabolic region Q. in which L — AP is PLC and thereby requires the extra

boundary condition [uy, u](0*) = 0 to be self-adjoint.

This differential equation, then, displays the PLP/PLC behaviour outlined in

Lemma 3.2 and Figure 3.1. We define the Dirichlet m-function m(A) as in (3.1.7).

Consider the solution U to (3.5.4) with g(x) = g(|x|). We may write any such
solution using the decomposition®!?

U, 9) = Z 1,(r)O(9). (3.5.7)

n=0

By differentiating it follows that, in the basis ®, for L*(T’;), the Dirichlet-to-Neumann

312Each u, now satisfies the differential equation —r~1(ru},(r)) + g(r)un(r) + Aur~2u,(r) = 0.
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map A, takes the form of the diagonal matrix

m(=Ay) 0 0
0 m(—Al) 0
0 0 m(=Ay)

Uniqueness for Inverse Problem I” is immediate from Theorem 3.3, under the
conditions g(x) = q(Ix[), g € Ly (0,1] and g(r) = O@r*2) (r — 0) for some fixed
a > 0. The uniqueness follows since for positive n the restrictions on 4 make the
type (3.1.5) pencil, associated with each operator L,, be PLP at 0 (see [99]), whilst
the sequences —A,, = —n? and m(—n?) form the interpolation sequence required in

Theorem 3.3. Thus we have proved uniqueness as follows:

Theorem 3.5 (Uniqueness for the Berry—-Dennis inverse problem). Any given Dirich-
let-to-Neumann map A, . for the system (3.5.4) may have arisen from at most one radially

symmetric potential q € L (0,11 N O(r*~%;r — 0).

The 0-th term (1 /e?,m(1/ 52)) is superfluous. Moreover, we can go farther. Fol-
lowing Corollary 3.1, we may discard arbitrarily many of the diagonal terms in

the matrix representation of A, and still retain uniqueness of 4.

Remark. Theorem 3.5 is markedly different from existing results for inverse problems in-
volving partial-boundary Dirichlet-to-Neumann measurements in planar domains. Such
existing results, e.g., [67, 69, 70] all deal with problems in which the portion of the bound-
ary where the measurements are not made, I'1, has a homogeneous Dirichlet or Neumann
condition assigned; the Berry—Dennis set-up has a singular boundary condition here. In
the next chapter, we will examine generalisations of such domains and boundary condi-

tions.

97



98




Partial data in two-dimensional

domains with boundary singularities

“The shortest path between two truths in the real domain passes through the

complex domain.”

—Jacques Hadamard*"

The problem of inverse recovery from partial boundary data in a two-dimen-
sional domain presents many subtleties when compared with that in three or
more dimensions. As described in the introductory chapter, we aim to prove
a uniqueness theorem in a particular two-dimensional set-up, from data on a
part of the boundary and with a singular boundary condition on the remaining
boundary. Before we detail, in Sections 4.1-4.5, our own problem and the unique-
ness results we have developed towards its resolution, we will run through the
“state-of-the-art” for the existing classes of partial-data problems. Firstly recall
that at a single frequency, the three-dimensional problems are over-determined,

and one may exploit this by applying the Sylvester—Uhlmann “trick” [123] to pro-

*1The Mathematical Intelligencer 13, 1 (1991).
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duce knowledge of every Fourier-transform (of the difference of two Schrodinger
potentials) from specially chosen rapidly-oscillating complex geometric optics
solutions (to the corresponding pair of differential equations with equated bound-
ary data). For more details on the three-dimensional Calderén problem see Sec-

tion 2.4.

The aforementioned trick cannot be used in two dimensions, but instead one
may still find cunningly chosen geometric optics solutions that can be combined
appropriately to form a sufficient argument. One has to utilise all the degrees of
freedom of the problem as it is no longer over-determined. But, there is also the

“toolkit” of complex analysis now at the disposal of the researcher.

Partial data necessitate different methods and the results are weaker. The best
known to the author, from 2015, is due to Imanuvilov, Uhlmann and Yamamoto
[68, Thm. 1.1]. For smooth dQ the Neumann-to-Dirichlet map A;lr : HV2(I) >

¢ u Ire HY3(T), where

(-A+qu = 0 inQ,

u = 0 onI,,

NB)

<
=
Il

g onl,

uniquely determines g, for each p > 2, from the Sobolev space W'?(Q). This,
by the transformation (1.2.1), determines y from W37(Q). The proof adapts tech-
niques from one of their earlier papers [67], in which their starting data are the

Dirichlet-to-Neumann map.

Remark. The Neumann-to-Dirichlet operator is, as was mentioned in Chapter 1, the
negative of the inverse of the Dirichlet-to-Neumann operator A,r. For the Schrodinger

problem, the latter was defined in Section 1.2. For convenience we repeat here that it maps
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HY2(T) 3 ¢ > —d,u Ire HV2(T) where

A+qu = 0 inQ,
u = 0 onTI,,

u = g onl.

We will also need to adapt such techniques, and for simplicity of the exposi-
tion we will use this earlier work in our proofs. After reviewing the other litera-

ture we will explain the basic methods involved in these techniques.

Other partial data results for the inverse Schrodinger or conductivity prob-
lems are of a weaker nature. As previously mentioned, in the mid-"80s Kohn
and Vogelius [79, 80] were able to reconstruct a piecewise analytic conductivity
y from partial boundary data, in 2 or more dimensions. In 1988 Isakov [71] used
Runge-type arguments in dimension no less than 3 to prove a conductivity y,
known in a neighbourhood of the boundary*?, is determined by the Dirichlet-to-
Neumann map on I' € dQ when it is of the class C2(Q), except for possessing a

single discontinuity across the interior boundary of said neighbourhood.

In a domain of dimension 7 > 3 the map of Dirichlet data on the full C*> bound-
ary to Neumann data on a certain sufficiently large subset of the boundary was
shown by Bukhgeim and Uhlmann in 2002 [32] to specify a bounded Schrodinger
potential uniquely, by use of a linear phase function. In the same-dimensional
case with smooth boundary, Kenig, Sjostrand and Uhlmann [77] found in 2007
that with quadratic phase functions knowledge of Dirichlet data on I' mapped
to Neumann data on a boundary-¢-neighbourhood of I'. determines g € L*(€2)
uniquely, for arbitrarily small, non-empty I'. In the same year Isakov [72] found
that, in precisely three dimensions, when I, is either a portion of a plane or a

sphere and Q) is contained in the corresponding half-space or ball then a bounded

42 According to [26] this is a not-so-unreasonable requirement in many applications.
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potential is uniquely determined. His methods extended those of Sylvester and
Uhlmann [123] and involved reflection of the complex geometric optics solutions
across the planar I'.. The spherical case can then be solved for using a Kelvin

transform of the ball to the half-space.

Finally we mention the recent work of Brown, Marletta and Reyes [26] who
considered in 2016 the related inverse problem for Maxwell’s coefficients in the
time-harmonic electromagnetism equations. They proved that the coefficients,
if known in a neighbourhood of the C'! boundary, are determined uniquely
from the class C*(Q) N W>®(Q2)—with some small technical restrictions—by the
Cauchy data-set on I', equivalent in the conductivity, low-frequency limit to the
Dirichlet-to-Neumann map. In all of the above it is assumed that homogeneous
Dirichlet or Neumann conditions are applied on the portion of the boundary

where measurements are not made.

None of the above will help in our original work, except some results from
[26] which we will adapt in Section 4.2, and the ideas in [67, 68]. The latter were
developed for two-dimensional domains, and we describe them now. The main

result of [67] is as follows.

Theorem 4.1. Let Q C R? be a bounded domain, with smooth boundary dQ containing
the non-empty and connected T. Suppose g, and g, € C**(Q) for some fixed a > 0. If
Afh,r = qulr then q1 = 4q2.

The main ingredients in their proof are the following results. Firstly, let any
x = (x1,x2) € RR? be represented by the complex number z = x; + ix;. Note
that @(z) (z € Q) is holomorphic if and only if the Cauchy-Riemann equations
0:0(z) = 0 (z € Q) are satisfied.

Definition 4.1. We say that a holomorphic @ = ¢ + i on Q, with continuous extension

to Q and with ¢ and V real-valued is an admissible phase function if the following
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criteria are met:

(i) its set of critical points H :={z € Q| 9,D(z) = 0} does not intersect T;
(ii) its critical points are non-degenerate, i.e., >°®(z) # 0 (z € H);
(iii) its imaginary part 1 vanishes on I'..

Remark. The admissible phase function will be a crucial ingredient in constructing the
complex geometric optics solutions. By holomorphicity, since its critical points are non-
degenerate, an admissible phase function can only have a finite number of critical points,
which we label z, (k = 1,...,1). Moreover, by the Cauchy—Riemann equations, z is a

critical point of @ if and only if it is also a critical point for ¢ or 1.

Let zx € Q\T (k = 1,...,1) and denote by z the vector (z)!_, and by ¢ =
(¢!, cl, c}) an element of C* where ¢; € C'. Suppose b € CZ(F_C) is complex-valued,
and consider the following Cauchy problem for ® = ¢+iy, involving the Cauchy-

Riemann equations and partial boundary and point conditions:

az(D(Z) = 0 (Z € Q)/

D(z) = b(z) (z€T), (4.1)
D(z)

82(1)(2) = ()

e

I
where by ®(z)T we mean the vector (q)(zk))kzl. We consider the triplet (z, b, c) as

the Cauchy data-set for (4.1).

Lemma 4.1 (Imanuvilov—Uhlmann-Yamamoto, 2010, Prop. 5.1). For each z €
(Q\T)' there is a dense subset O of CX(T.) x C. This set satisfies that for each of its
elements (b, c) the Cauchy problem (4.1) with data-set (z,b, c) has at least one solution

@ € C2(Q).
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Remark. The intuitive consequence is that given any zy € Q\T (k = 1,...,1) we can
“approximately” find a (not-yet-admissible) phase function with critical points z and
with arbitrarily specified non-zero values and second derivatives at each z. In fact this

can be improved on the part I of the boundary.

Corollary 4.1 (Imanuvilov-Uhlmann-Yamamoto, 2010, Prop. 4.2). Let yo, ..., Y €
Qand my,...,n. € T, and consider R : D(R) € Cy(T) — C™ x R* given by

R=(ry,...,ty,S1,...,8,) Where

r,g = (O, .07, D(y))  (i=1,...,m),
T
sig = (Re(®(n))), dRe(®(n))) (j=1,...,m),

and @ (uniquely) solves the Cauchy problem

0(z) = 0 (z€Q),

Im(®(z)) = 0 (z€T), w2
Im(®(z)) = g (z€T),

Re(D(yp)) = 0

The map R is surjective, i.e., for each initial data-set from C>" x R*" there is at least one

g € Cy(I') for which the above Cauchy problem may be solved.

The next result is not explicitly stated in the original work [67], so we present

it here in a self-contained format. Firstly we need to define the operators

o L8 +idy)
J2'g(z) = ) Zd52d51,

=: 97'¢(2).

Lemma 4.2 (Imanuvilov-Uhlmann-Yamamoto, 2010, Sec. 3). Let g be as in The-
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orem 4.1, and take any admissible phase function ®. Then, for each T > 0, there is a

solution to
(FA+qgi)u = 0 inQ,

u 0 onI.

given by
01(z:7) = €D (a(2) + a0(2)/7) + €O @(@) + m@)/7) + € TB (1), (43)

where the following conditions hold.

(i) The amplitude function a(-) € C2(Q) is non-trivial, holomorphic on Q, its real

part vanishes on I'c and a = d,a = 0 in H N I, such an a(:) is called admissible.
(ii) The remainder ||01(- ; T)lli2q) = 0(1/7) as T — +oo.

(iii) The functions ay and a, are holomorphic and satisfy the t-independent boundary

condition
M, M,
+ .
40,0 40.®

(ap + a1) Ir.= (4.4)

The functions My := 0-'[aq:] — My and Ms(z) := 0 Na(z)q1(2)] = M(Z), where

M, and Mj are any polynomials satisfying, for j = 0,1 and 2,

210 [a(2)q1(2)] = My (2)) = O, (4.5)

2L [a()q ()] - Ms(@) = 0. (4.6)
Remark. The amplitude function a(-) is independent of q.

Corollary 4.2. For any admissible phase function ® and © > 0 we can find the same

amplitude function a(-) as in Lemma 4.2 so that

02(x;7) = € a(2) + bo@)/7) + ¢ PVa) + b)) + () (47)
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solves (=A + g2)u = 0,u [r,= 0, with

(i) 11925 D)l = 0(1/7) s T — +oo, and

(ii) holomorphic by and by satisfying

(bo + by) Tr.=—

(4.8)

Here M, := 9.'[aq,] — M, and My(z) = 9; a(2)42(z)] — M4(z), where My and M,

are any polynomials satisfying, for j = 0,1 and 2,

9197 1a(2)2(x)] = Ma(2)) = 0, 49)
919 [a(2)g2(x)] ~ Ma(2)) = 0. (4.10)

The final key result relates the values of g := ¢; — g, at the points in H to a

special integral linear in g.

Lemma 4.3. Suppose we have an admissible phase function ® and functions a, ay, a1, by
and by satisfying (i),(4.4) and (4.8), where My, M, Mz and My satisfy (4.5), (4.6), (4.9)
and (4.10). Denote by Hq, the Hessian matrix, and by H the set of critical points, of ®.
Let q1,q, € C***(Q) for some a > 0, set q = g1 — g, and suppose that the Dirichlet-to-

Neumann maps Ay, r and Ay, v are equal. Then, for any T > 0,

Z la(z)]? cos(2TIm[D(z)])
| det(Im an(Z)])P/2 @) =

M; — M,
= [( 4(ao+bo))a+(—ﬁ

z

— 4(611 + bl)) E] q.

Remark. This last lemma is established firstly by proving the identity fQ quiv2 = 0 for
any complex geometric optics solutions of the form in Lemma 4.2 and Corollary 4.2, then

carefully analysing the resulting integrals after substituting from (4.3) and (4.7).
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In light of these lemmata the proof of Theorem 4.1 proceeds roughly as fol-
lows. Fix a point xy € Q, and using Corollary 4.1 and Lemma 4.1 find a phase
function @, with a non-generate critical point at xy. Since ®; might have some
critical points on T, one needs to correct it, by adding a certain ¢®;, chosen using
Lemma 4.1. This introduces new critical points H, = {z.1,...,Z. i} in Q, and by
the implicit function theorem, for sufficiently small ¢, one of these, x. — X, is the
only critical point of ®, = @y + ¢, in a certain neighbourhood of x; and is more-
over non-degenerate. It can be seen that @, is an admissible phase function. To
apply Lemma 4.3 one then needs to construct an admissible amplitude function
a., which is achieved again by Corollary 4.1. Then applying Lemma 4.3 one finds
that g = g1 — g, satisfies a weighted sum of the form

I(e)
Z Ce k Cos(ée,kT)Q(ze,k) = 66,0'

k=1
In particular, the above process ensures that c,; # 0 where k is the index of Zej =

xe. Varying T > 0 then shows that the only way the sum can hold is if g(x,) = 0,

implying q(xo) = 0.

In concluding Chapter 3 we discussed the application of Theorem 3.3 to es-
tablish a uniqueness result for the geometrically symmetric Inverse Problem I’
based on a Berry—Dennis-type boundary condition and the Marletta—Rozenblum
decomposition. In this chapter we will explain a different approach to a related
class of inverse problems. These will involve the same type of boundary singular-
ity as in the previous symmetric geometry. The underlying differential expression
is of Schrodinger form, and we will adapt the Imanuvilov—-Uhlmann—Yamamoto

techniques to establish the first results for our operator.

We will outline the problem in Section 4.1, and in the following three sec-

tions we will prove a partial uniqueness result at one frequency. This is a con-
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ditional uniqueness result: starting in either of the following two cases with the
Dirichlet-to-Neumann map on part of the boundary, (i) knowledge of the sin-
gular boundary condition forces uniqueness of the Schrodinger potential, and
(ii) vice versa. Our proof utilises unique continuation and density arguments—
developed in Section 4.2—applied alongside an analogue to Lemma 4.3, proved

from complex geometric optics considerations in Section 4.3.

We prove the partial uniqueness in Section 4.4; it may alternatively be inter-
preted as a so-called cloaking result at a single frequency. We also illustrate there
the cloaking of the potential (by a suitable choice of boundary condition) in a sim-
ple numerical example, coded in MATLAB. Finally, in Section 4.5, we prove that
by moving to full frequency spectral Dirichlet-to-Neumann data we are able to

establish total uniqueness, of the boundary conditions and the potential.

4,1 Problem definition

Throughout the rest of this chapter the set-up is as follows.

Definition 4.2 (Specially decomposable domain). We say that a bounded two-dimensional
simply connected open set Q is a specially decomposable domain if it has C*>! bound-
ary and can be written as

Q = int(Qy U (),
where €y is a half-disc of radius 1, 1 N Qy = 0 and the straight portion I'y of the

boundary of () is contained entirely in the boundary of Q, i.e., I'1 C dQ.

Remark. This decomposition will underlie a special case of Glazman decomposition [58]

that we will use. The operator int returns the interior of a subset of R". See Figure 4.1.

Definition 4.3 (Boundary accessibility). Letting Q) be a specially decomposable do-

main, specify the further boundary decomposition dQQ = TUT,, I NT. = 0 such that
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I'' € T, and T and T'; are both relatively open. The boundary portions I' and T'. are
called, respectively, accessible and inaccessible. We identify* Q; with the set of the

same name defined in Section 3.5 [p. 90], so that the mid-point of I'y is the point 0.

Definition 4.4 (Singular boundary condition). The Berry—Dennis boundary con-

dition on Q) is the requirement on a given u : Q — C that
BD¢[u] := (u — foyu) Ir.=0,

where f is a bounded, real-valued, a.e. absolutely continuous function possessing one
strictly simple zero at the point 0 and satisfying that for every &y > 0 we have O either not
in the range of f Ir.\(x: xi<e,), OF an isolated point in this range. For the same technical
reasons as [99] and in Section 3.5 we will need f to be linear on the straight edge T'y:
under the same coordinate convention as in that section, we require there be ¢ > 0 such

that
f)=-ey (ve(-1,1) (411)

Such an f is called an admissible boundary function.

Lo
I

Iy

Figure 4.1: an example domain () = int({4 U Q)

Remark. Here, 0, denotes the outward-oriented normal derivative on dQ). Note we do

allow f to “jump” to 0, or be identically O in a relatively open portion of I'.. As explained

+3This might require rescaling the coordinates.
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in Section 3.5, this type of boundary condition was first examined by Berry and Dennis
[21]. When paired with a boundary condition on T it is seen to produce a non-self-adjoint
operator from a second-order differential expression; this operator possesses adjoint that

is symmetric and has a one-dimensional deficiency space.

Notice that we denote by Iy the (possibly disjoint) portion of the boundary
given by I':\I'1;, and by I; the interface between (), and (), i.e., setting relint to

mean the interior relative to the topology on the line,
I; := relint (51 N 50) .

Definition 4.5 (Admissible potential). A function q € L*(Q) is called an admissible
potential (for a Schrodinger differential operator) if it is locally radially symmetric about

0, i.e., there is a & > 0 such that in the ball r < 6 we have dgq(r, d) = 0.

We briefly recapitulate (and rewrite more conveniently) the key points of the
analysis from [99] given in Section 3.5. Consider an admissible potential g, and

over the Hilbert space L?(Q)) define the operator

D(L) := {u € L*(1) | (A + q)u € L*(), BD[u] Ir,=0=u 1},

Lu:=(-A+qu [q, .

This operator is the adjoint of a symmetric operator (see [99, Sec. 3] and (1.2.2)),
and one may impose an extra boundary condition at 0 to yield a self-adjoint re-

striction of L, in the following fashion:

Definition 4.6 (Self-adjoint boundary condition). Take**

uo(r,9) = e~¥¢sin (8_1 log(r)), (4.1.2)

+4Hopefully without forsaking the reader’s sympathy, we continue the notational abuse men-
tioned in the Remark on page 93, namely u(r, 9) = uo(r)e %€ and vy(r, 9) = vo(r)e /<.
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which is a solution to
—Au = 0 inQy,

u—fou = 0 only,

u = 0 onI;.

The boundary condition defined at 0 in [99, Eq. (22)] is the requirement on u that its

Lagrange bracket with u, vanishes at 0:
[t 10)(7; 9) := r{udsug = @u)ug)(r, ) = 0 (r = 0).

In fact, we will impose a generalised version. Consider the solution to the differential
equation with only the Berry—Dennis boundary condition on I''—i.e., without the Dirich-

let condition on I'i—which is linearly independent to uy, given by:
vo(r, 9) = e/ cos (e_l log(r)).

We set an admissible self-adjoint boundary condition, with real parameter f, as fol-

lows. With an abuse of notation,

Blul := limlu, g +Bool(r, 9) = lim (10, (1o + Bog) — (9,14) (1o + Poy) )(r, 9) = 0. (4.1.3)

It can be seen (see [99, Eq. (24)] and (3.5.3)) that application of a boundary
condition of the form (4.1.3) is enough to restrict the operator L to the self-adjoint

realisation

D(L') := D(L) N {u € L2(Q) | Blu] = 0}, (4.1.4)

L'u:=(-A+q)u [q, (4.1.5)
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whose spectrum is simple and accumulates only at +co. By exactly the same
reasoning as in [99], explained here on Page 92, we have an orthogonal decom-

position of L

Proposition 4.1. Over the Hilbert space L*(Q;), the operator L’ is given by the orthog-

onal sum
L =Ly DL,
n=1

where Ly and L, (n > 1) are the ordinary differential operators defined respectively in

(3.5.5) and (3.5.6).

Remark. The presence of the potential q in L’ is not problematic for either self-adjointness
of the operator or discreteness of the spectrum. The former is easily established by repeat-
ing the direct sum trick of [99, Eq. (24)] explained in Section 3.5—or appealing to the
abstract result [75, Thm. V.4.3] which states that a bounded, symmetric perturbation
leaves self-adjointness unchanged. The latter follows from Weyl’s Theorem [75, Thm
1V.5.35], which states that adding a relatively compact operator leaves the essential spec-
trum unchanged; since the spectrum of L’ with q = 0 comprises isolated eigen-values of
finite multiplicities, its essential spectrum is empty. Since q € L= (Q) multiplication by q

is automatically L'-compact.

One may then define the self-adjoint operator

D(T) := {u € L*(Q) | (=A + q)u € L(Q), BDy[u] .= u Ir= plu] = 0},

Tu = (-A+q)u, (4.1.6)

possessing purely discrete spectrum accumulating only at +oo [99, Sec. 5]. For

convenience, define the set Q* := Q\{0}.

Proposition 4.2. Any u € D(T) is given by v + w with v € D(L") and supp(w) C ()"

Proof. Define the smooth cut-off function p tobe 1 in %Ql and 0 in ), to transition
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smoothly between the two regions, and to be radially symmetric in €);. Then set

v := uu and w := (1 — p)u and check the appropriate boundary conditions. m|

We may now define the input and output data for our inverse problem. Let
Q) be specially decomposable, f an admissible boundary function that specifies a
Berry-Dennis boundary condition, 4 an admissible potential and 8 a self-adjoint

boundary condition. Consider the Dirichlet-to-Neumann map

Aq,f,/S che— —81,7] rr (417)

where & is any admissible function on I" such that v solves

(-A+qv = 0 inQ,
v—fdov = 0 onI,
plo] = 0 (at0),

v = h onT.

Inverse Problem II. Given the Dirichlet-to-Neumann map A, s, recover the potential
q everywhere in ), the function f on I'c and the value of B that parameterises the boundary

condition (4.1.3) at 0.

The problem of uniqueness we wish to examine is therefore the following. For
j =1,2letqj, f;and B, be, respectively, admissible potentials, boundary functions,
and self-adjoint boundary conditions. Then we want to determine under which

conditions

A‘]lrflrﬁl = Alhlleﬁz (4.1.8)

implies that
1 =1q2, fi = frand B; = Bo.
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Resolvent Hypothesis. Without a loss of generality, when considering the above ques-
tion of uniqueness we may assume that both of the operators Ty and Tr—corresponding
respectively to the triples (q1, f1, f1) and (qa, f2, 2)—have 0 in their resolvent set. To see
why, suppose either (or both) has 0 in their spectrum. Then we may simply shift their
spectra, which are discrete, by adding the same sufficiently small constant to both g, and
g2 so that the resulting operators now both have 0 in their resolvent set. The question of
uniqueness is left unchanged by the shift. We will assume the hypothesis holds for the

rest of the chapter.

4.2 Unique continuation and density

We will need certain analogous results to those in [26], adapted to our singu-
lar case. The following lemmata firstly detail useful conditions for when one
may extend solutions of the differential equation uniquely, and secondly establish
density, in the full space of solutions, of those satisfying the singular boundary

condition.

Lemma 4.4 (Unique continuation principles for a Schrodinger-type equation). Let
q be admissible and QO c Q, with Q' a non-empty, bounded domain in R? such that
QY € C2 and Q\QY is connected. Recall that QO = Q\{0}.

(i) Ifu € Hy (CY) satisfies (~A+q)u = 0in Q, and there is an open ball B with BcQ

and u [g= 0, then u = 0.

(i) If T is smooth, u € HlZOC(Q*\Q’) and (=A + q)u [ o= 0, and the boundary condi-
tions

ulr=0=du Ir
are satisfied, then u [o\o-= 0.
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Proof. Part (i) follows standard methods, for example [84, Cor. 1.1]. Part (ii) is

consequential to extending u by 0 through I' and applying (i). O

Lemma 4.5. Under the hypotheses of Lemma 4.4 define the sets

K :={v e H?

loc

Q) [ (=A +q)v To= 0},

R := (g € KIBDylg] Ir.= 0 = plgl).

Then K is dense in K under the topology induced by || - ||;2(cy)-

Proof. We adapt the proofs of [26, Prop. 5.1-2]. Let v € K such that (g,v)or = 0
for every ¢ € K; we aim to show v = 0. By the Resolvent Hypothesis we may

uniquely define V € D(T) to solve TV = xoU, where x4(x) =1 (x € A); 0 (x ¢ A).

Now we make some technical definitions (see Fig. 4.2): the sub-domain Q, C
Q\(QY is taken to have boundary J(Q, = TUT'UT € C?! such that [,I"and I are
all disjoint. Here T continuously extends I in dQ, N dQ at both its endpoints, I”
is relatively open and entirely contained in Q\@, and 0 ¢ dQ,. This means ),
is a neighbourhood of T, and its complement is separated from I, i.e., Q\Q, N T.
Take a mollifier u on £, to be 1 in a neighbourhood of I', 0 in a neighbourhood of
I and transition smoothly between these neighbourhoods (including part of T).

Assume without loss of generality that the level curves of u are orthogonal to T'.

Consider ¢ € K ¢ H?(();). We wish to make a decomposition of g into two
parts: ¢o € D(T), and g1 € H?*(Q,) which is supported in Q, and whose “be-
haviour” on I is equivalent to that of g. Firstly extend f to a bounded, a.e.
continuous function in the interior of ). By the trace theorem [137, Thm. 8.7]
(g — fd,9) Ir can be extended by 0 to F, := (¢ — f2,8) laa€ HY*(9Q). Take any
F, € HY2(9Q),) which agrees with F, on T U T and is 0 on I". Define F; = ug s0,€
H32(9Q,).
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Figure 4.2: an example admissible domain Q) containing €Y' and €,

The inverse trace theorem [137, Thm. 8.8] guarantees the existence of g; €

H?(Q,) such that g1 T9q,= F; € H¥?(dQ). Furthermore, since

(g1 =F2)/f loq, = (ug—Fa)/ f
(¢-(@©-f.)/f on T;
= uglf on T;
0 on I”

¢ €HYX) on T;
=1 ug/f €HY* () on T;

0 eHY"™T) on T

e HY2(9Q),),

we can choose this g7 to satisfy 9,41 loa,= (g1 — F2)/f € HY*(9(Q),). This ensures
that d,g1 = 0; since g1 = F1 [r= 0 we may extend this ¢; by 0 into Q, and
note that, by construction, (g1 — fd,g1) Ir= (g — fd,g) Ir, i.e., it is a candidate ¢;

for encoding the behaviour of gonT.

Now define gy = ¢—¢1. By checking the boundary conditions on T, T and T \T,
we see that gy € D(T). Therefore, for any ¢ € K,

0=(g, U)LZ(Q')
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=<go, TV)LZ(Q) +4(g1, TV) 12

= <TgO/V>L2(Q) + f 1A+ q)V
(@}

:<eA+mng@u1f (CqidV + Vaugy)

rur'ut

:‘f@” (42.1)
T

Here, to reach the third line we applied the self-adjointness of T, whilst for the
fourth line we applied Green’s formula twice to the integral term, noting g; and
V € H*(()y), then recomposed g from g and ¢; inside the inner product. The final
line was achieved by noting that BD/[V] = 0 = BD¢[¢] on I, g=dg=0onl",
and V € D(T) means that V =0onT.

Now observe that the L2(I')-closure of {g Ir | ¢ € K} is in fact L*(T"). This is

because for any given basis ¢, of L*(T') we can solve

(FA+q)g = 0 inQ,

BDf[g] = 0 onI,,
plgl = 0 atQ,

g = ¢, onI,

as 0 € o(T). Thus, from (4.2.1), we see d,V [r= 0. As V [r= 0, the unique

continuation from Lemma 4.4(ii) implies V' [, = 0 since (-A +q)V [, = 0.

In particular V [y =3,V Taor=0, and so

<U, U>L2(Q/) = f U(—A + EI)V
= f V(-A+q)v + f (—vd,V + Vd,v)
’ a ’

=0.

By the unique continuation in Lemma 4.4(i) we deduce that v [o= 0. O
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4.3 A weighted sum of g-values

In this section we will prove an analogue to Lemma 4.3 [67, Prop. 4.1] in the
case of the Dirichlet-to-Neumann map (4.1.7)—with Berry—Dennis and Marletta—
Rozenblum boundary conditions—as opposed to the more standard map from
Section 2.4 and the introduction of this chapter, which has a homogeneous Dirich-
let condition on I'.. The complex geometric optics solutions from Lemma 4.2 and
Corollary 4.2 will fit our needs, as we can “approach” such solutions using those

with the singular boundary conditions, thanks to the density from Lemma 4.5.

As in Lemmata 4.4 and 4.5, we consider () C Q to be non-empty, bounded
domains in R? with Q\Q’ connected and JQ’ € C2. However we are forced,
for the same technical reasons as in [67], to accept the restriction dQQ € C®. Let
q1,92 be admissible potentials, fix « > 0, and assume the additional restrictions

71,42 € C**%(Q) and g1 = g, in Q\QY'.

Proposition 4.3. Suppose we have an admissible phase function ® and functions a, ag, a1, by
and by satisfying (i),(4.4) and (4.8), where My, M, Mz and My satisfy (4.5), (4.6), (4.9)
and (4.10). Denote by Hq the Hessian matrix and by {xi, ..., x;} the critical points of
®. Let q1,9, € C**(Q) for some a > 0 such that g, = g, in Q\QY, set g = g1 — g,
and suppose that the Dirichlet-to-Neumann maps (defined the same way as in (4.1.7)) are

equal, but with the same f and B, i.e., Ay rp = Ny, 5p. Then, for any © > 0,

Z la(z)l? costIm[D(2)]) .
L [detimHo@DI 2 17 =
8% f(; [(M182®M2 _ 4(g0 + bO))El + (% _ 4(611 + bl)) El g. (431)

To prove Proposition 4.3 we will need an integration-by-parts formula. Since

elements of D(T) are not necessarily in H?(Q)—in fact, expanded in polar co-
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ordinates, the function sin(¢'logr) + Bcos(¢~! logr) may be C*-extended to an
element of D(L’), and this linear combination clearly fails to be in H? at 0—we
see that Green’s formula cannot be applied. We circumvent this by analysing a

certain line integral, which turns out to be equivalent to a Lagrange bracket.

Lemma 4.6. As before, take admissible domain Q and subset Q' C Q. Suppose Q\Q
is connected and 9 € C%. For j = 1,2 let q; be admissible potentials and f; admissible
boundary functions, and suppose that the latter have the same behaviour on I'y, i.e., &1 =
€3. Choose an admissible self-adjoint boundary condition B. Let u; be any respective

solutions to

(-A+g)u; = 0 inQ,
Bij[Mj] = 0 on FC, (4.3.2)
Blu;] = 0 at0.
Then, if Ay, 58 = Ny, 5,8 We have
f(ql — o)y = f (120 U1 — U190, U3). (4.3.3)
o) o0

Proof. Take a 6-radius half-disc Qs C €; for some 0 < 6 < 1, centred at 0, and
define Qys = O\Q;s. Set I'y and I'5 to be, respectively, the straight and semi-

circular parts of the boundary of (3s. Then

f(ql - C]Q)Mluz = (lh - qZ)Mﬂ/lz +f (—MlAuz + uzAul)
Q Qs Qos

=0

= f (120,11 — u10,1)
aQU,‘)

= (120,11 — U190, 1p) — f (U011 — U190, Up)

oQ 9Qs
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= | (u20,uq — u10,uy) + f (l - l) Uy Uy
Q Ty \J1 fz

_ f (2dutts — 119,12)
Tis

:f (u25Vu1—M19VM2)—f (U0yu1 — U109, Up),  (4.3.4)
9Q

I

where we applied identity of the g; outside (Y, identity of f; on I';, and equality
of the Dirichlet-to-Neumann maps (4.1.8) to eliminate various terms, and Green'’s
formula over )y to achieve the second line. Thus the lemma follows if the sec-

ond integral on the right-hand side of (4.3.4) converges to 0 as 6 — 0.

Observe that
/2
f (11918 — 1120y117) = f S5t — 120,116, )9
1"1,5 —TZ/2

/2
= f [ul, MQ]((S, S)dS

/2

Moreover, by expanding the determinant and calculating [vo, uo](r, 9) = e 1e2%/¢,

one can easily see that

29/e [t1,v0] [u1, uo]

[t1, ux](r, S) = ee (r, 9). (4.3.5)

[uz,v0]  [u2, uol

Now apply [uj, ug + pvol(r,¥) — 0 as r — 0 to see that the columns in the right-

hand side of (4.3.5) become collinear as * — 0. The lemma follows. O
Remark. The identity (4.3.5) is usually written for solutions of ordinary differential

equations; see, for example, [53, (2.8-9)], [94] or [81, Lem. 1].

Proof of Proposition 4.3. We consider all solutions u; (j = 1,2) of (4.3.2) with f; = f,

120



Single-frequency cloaking

B; = B. By Lemma 4.6 we see

f(% - Q2)M1M2 =0.
Q

Note the hypothesis g, — g, = 0 outside ()'. Clearly v; € K—see (4.3) and (4.7)—

and u; € K, so using Proposition 4.5 we deduce from (4.3.3) that

f(‘h —g)o1(-;)v2(- ;1) =0 (7> 0).
Q

We have now arrived at precisely [67, Eq. (4.3)]. From here on our proof exactly

follows that of [67, Prop. 4.1]. O

4.4 Single-frequency cloaking

We establish uniqueness for potentials already known in a neighbourhood of the

boundary.

Theorem 4.2 (Uniqueness of potential). If 41,4, € C>**(Q) for some fixed o > 0,
g1 = g2 in O\, f is an admissible boundary function, p € R, and the Dirichlet-to-

Neumann maps are equal—i.e., Ay, rp = Ny, sp—then in fact q, = g, in all of Q.

Proof. The proof is now exactly analogous to the proof of Theorem 4.1 [67, Thm.
1.1], with the only difference being replacing Lemma 4.3 [67, Prop. 4.1] by our

Proposition 4.3. |

Theorem 4.3 (Uniqueness of boundary condition). Consider admissible boundary
functions f, and f,. Let g € C**(Q) for fixed & > 0, let f € R, and suppose the

Dirichlet-to-Neumann maps are equal: Ay 7 g = Ny 8 = A. Then f; = fo.
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Proof. Let g € H/*(T'), and choose functions u; and u, solving

(=A+q)u; 0 inQ,

u]»—fj&vuj =0 onl"c,
plujl

uj = ¢ onl.

0 ato,

By hypothesis d,u; = d,u, = —Ag. Then u; € HIZOC(Q*), so with the definitions

u=u —upand f = f; — f, we see

(A +q)u 0 in Q,
u=du = 0 onT,

u-— f&vu = fl&VMZ - f28vu1 on TC.

The unique continuation principle Lemma 4.4(ii) immediately implies u = 0 in Q

or, in other words, 1, = u,, whence d,u; = d,u, on I'.. Thus, along I,
f1 =11/ = Up /DUy = fz,
as required. m|

We observe, thus, that fixing either the potential 4 or boundary condition f
uniquely determines the other, respectively f or g, from the Dirichlet-to-Neumann
map, provided g is a priori known. However, a crucial component in the proof of
the g-uniqueness is Proposition 4.3. Applying this without the condition f; = f,
is insufficient to achieve the uniqueness. Similarly, without the condition g; = g5,

the proof of the f-uniqueness fails. Thus, in fact, we have the following result:

Corollary 4.3 (Single-frequency cloaking). Suppose we are given a Dirichlet-to-Neu-
mann map of type (4.1.7) for fixed p € R, and we know the admissible pairs (q1, f1) and
(92, f2) gave rise to it, with both q; € C2**(Q). Then q, = q, if and only if fi = f.
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('1/1)

du = Ngi

('11_1)

Single-frequency cloaking

u=20

(-A+g)u=0

u=20

(1,1)

du = kju

(11'1)

Figure 4.3: the underlying problem for the numerical example in Appendix D
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Figure 4.4: a MATLAB plot of g, from the code in Appendix D

Figure 4.3 summarises an example two-dimensional problem for which we

have performed numerical calculations to illustrate Corollary 4.3. In fact, we do

not even require that f produce a Dirichlet-singularity, and the example prob-
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lem shows this in action. In the figure, Dirichlet-to-Neumann measurements
are made on the West edge of the square, Dirichlet conditions are applied to the
North and South edges, and a Robin condition of the form u = fd,u is applied
on the East edge, with constant f(y) = k]71. Although we lack the singular bound-
ary condition of the Berry—-Dennis regime, we are able to construct from the pair
(q1,k1) = (0,0) a distinct pair (g, k2), both of which, by our calculations, yield the

same Dirichlet-to-Neumann map A, . In Figure 4.4 we have plotted g5.

4.5 Full-frequency uniqueness

The cloaking result in Section 4.4 is, we emphasise, valid only at a single fre-
quency: we proved it at A = 0, but a non-zero, real A can easily be translated
away in the potential. In this section we will establish uniqueness of g, f and f

when one has access to full-frequency Dirichlet-to-Neumann data.

Consider the spectral Schrodinger problem

(-A+qu = Au inQ,

u = g onl,
(4.5.1)
u— favu = 0 on I—‘C/

0 atO.

[, up + Poo]

As in (4.1.7) this defines the Dirichlet-to-Neumann operator A,_, s : g = —dyu [r.
For notational simplicity we will write this as A(d) = A,_) r3. We now reformu-

late Inverse Problem II to include full-spectrum data.

Inverse Problem II'. Given A(A) at every frequency A € R, recover the potential g,

singular boundary condition f and self-adjointness-imposing p.

In the case of symmetric geometry QO = (); knowledge of the Dirichlet-to-
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Neumann operator is sufficient to prove a full uniqueness theorem for inverse
problem II'. This is because, owing to the poles of A being eigen-values of the as-
sociated operator, these data include the following negative eigen-value asymp-

totics:

Lemma 4.7. Take the operator L defined in (4.1.4), and label its eigen-values by A} so

that A'| <0 < Aj. Then as n — —oo we have
A}« - _e—25(80+tan’1 B)p=2enm (452)
Here 9y = tan"'(A/B) € (-nt/2, /2] is known, where

A = lim e"'wy(t), B = Jim e~tw,(t), (4.5.3)

t—+o0

and the non-trivial functions ws and w, satisfy, ast — 0,
[ws(t), t12 sin (8_1 log(t))] -0, [wc(t), t172 cos (e‘l log(t))] -0 (4.5.4)
and solve —w" (t) — (1/4 + 1/t 2w(t) = —w(t) on the interval (0, |A|Y/?).

Proof. We slightly sharpen the proof of [99, Eq. (41)], correcting some small typo-
graphical errors and stating more precisely the asymptotics in the last few steps.
For the convenience of the reader we present our proof here in its entirety. The
first crucial consideration is that we may assume, without a loss of generality, that
g = 0, since by [75, Thm. V.4.10] a non-zero g perturbs the spectrum by at most
l9lli=(q,), leaving (4.5.2) unchanged, whilst Weyl’s Theorem [75, Thm. IV.5.35]

ensures the spectrum with a non-zero g is still discrete.

From Proposition 4.1 we note the orthogonal decomposition L’ = L) ® &, L.
The spectrum of L’ is the union of the spectra of its constituent ordinary differen-

tial operators. Since all the L, have positive spectrum, the only negative eigen-
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values of L" are those of L. The latter are generated by the eigen-value problem

’

—%(ru’(r; A)) ﬁu(r; A)
u(1)
[u(-; A), uo + o] (07)

Au(r; A) (r € (0, 1)),

0,
0.

So, let A < 0. We transform the above problem by setting x = |A|Y2, t = «r

1/2

and w(t) = r'?u(r; A). Moreover define iiy(t) = r'/?uy(r) = r'/?sin (e‘l log(r)) and

Do(t) = r'?vy(r) = r'/% cos (6_1 10g(r)). Then we easily calculate

—wv%%%+§)%M” —w(t) (e O,x)
() . (4.5.5)
[w, iy + BTe](07) = 0

where [w, W](t) = w(t)@'(t)—w’(t)@(t) is the Lagrange bracket for the new problem.

We have [w, @](t) = «![u, ii](r), where @(t) = r'/?ii(r).
Observe that, because log(x~'t) = log(t) — log(x), we have

iig(t) = 1212 (0o (o (£) — o 1c)00(t)),

Bo(t) = k212 (0p (1) (E) + o (K)up(H)).

Thus any eigen-function w(t) for the operator generated by (4.5.5) must satisfy, as
t—0,

(vo + Buo) (1) [w(t), t'*ug(t)] — (1o — Boo)(k)[w(t), t*vo(t)] — 0.

Therefore, by the hypotheses of the lemma and the fact w; and w. are a funda-
mental system for the differential equation in (4.5.5), such an eigen-function w is

given by the linear combination

(vo + Buo)(k)ws — (o — Pro)(K)we. (4.5.6)
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Moreover, to be an eigen-function, w must satisfy w(x) = 0. So we seek large,

positive zeros of (4.5.6).

One can calculate without great difficulty that the differential equation in
(4.5.5) is non-oscillatory at +co—crudely, the t~?-term will play a negligible part

when ¢ is large—so there are constants A and B such that as t — +oco we have

wi(t) = Ae'(1+o(1)),

we(t) = Bet(l + 0(1)).
Thus, asymptotically, the desired zeros approach the zeros in & of the function
A(vg + Pup)(R) — B(uy — fog)(R). (4.5.7)
Rearranging, we find that such « solve
(A + Bp) cos (5‘1 log(ﬁ)) + (AB — B)sin (6_1 log(ﬁ)) =0,

i.e., they can be enumerated as %, (n < 0) and satisfy

A+ Bp
B-AB

) = nm + tan”! (%) + tan”'(B).

¢ tlog(®,) = —nm + tan™! (

By interlacing there is precisely one zero of w between each &, so we label the
former zeros as «, in such a way that x_; is the smallest negative zero of w. As

n — —oco we have x, = 12,1(1 + 0(1)). Thus

/\1 — _K121 — _e—2(€(A/B+tar1‘1 ﬁ)e—Zenn<1 + 0(1))/

n

which concludes the proof. O
Remark. In fact, repeating the above calculation for the domain () = RC); shows that
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the negative eigen-value asymptotics are independent of the choice of R > 0, which is to
be expected, since the negative eigen-values arise from the singular boundary condition,
not the shape of the domain. Intuitively, the eigen-functions increasingly “concentrate”

their oscillations near 0 as the spectral parameter becomes more negative®”.

We now prove that in the case of a general domain () = int (M), as de-
fined in the opening paragraphs of Section 4.1, the very same negative eigen-
value asymptotics hold. For the technical reason of ensuring a definite sign for a
particular Dirichlet-to-Neumann operator we will require that f [r,= 0. Our ap-
proach is to show that the counting functions of the eigen-values asymptotically
agree. To avoid ambiguity we specify the enumeration of the eigen-values A, and
A}q of, respectively, T and L’ to be such that Ay and /\(1) are the smallest non-negative

eigen-values of each operator.

To prove our negative eigen-value asymptotics we will need upper and lower
bounds on the difference between the counting functions of the negative eigen-
values for, respectively, T and L’. The lower bound will follow from a “pseudo-
mode” argument involving a fairly elementary asymptotic analysis of functions—
constructed from the true eigen-functions for L'—that approximate some eigen-
functions of T. Our proof of the upper bound requires us to consider a pencil
of Dirichlet-to-Neumann operators on I';, the terminology and underlying results
for which we will set up in two lemmata. The interface Dirichlet-to-Neumann

operators are defined as follows: for j = 0,1,

A](A) h— —avl.w]-,

+>We will make this statement more rigorous in the proof of Theorem 4.4.
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where w; solve the boundary-value problems

—AZU() = AZUO in Qo,
wy = 0 onlyUT, (4.5.8)
wy = h onTj;,
—Awl = /\wl in Q1,
w = fd, w; onljy,
' foutn ! (4.5.9)
Blws] = 0 at 0,
w1 = h on I‘i,

and avj denotes the outward directed normal derivative for the subdomain Q;

(i.e., 071,1 h"l: av = av[) rrgur, but a1/0 rl"i: _avl I\ri)'

Remark. It is clear that a real number A is an eigen-value for T if and only if the pencil of
operators A1(A) + Ao(A) has a non-trivial kernel K(A), since any function in this kernel
will correspond to a pair (wy, wy) solving, respectively, (4.5.8) and (4.5.9), for which the

normal derivatives match on the interface, i.e., d,,wy = —d,,wy on T};.

To conduct our analysis we bring into play the L*(—n/2, 1t/2)-basis ©, on I},

defined by
e—S/ 3

2¢ sinh(7t/2¢)
©,(9) = k,(ne cos(nd) — sin(nd)) (n even),

(n=0),

k,(cos(nd) + ne sin(nd)) (n odd).

These ©,, are normalised versions of those in Section 3.5, so that their Lz(—g, 2)-

norms are 1. Since the sufficiently negative eigen-values of T can only arise from
the presence of the singular boundary condition (regular boundary conditions
would yield a spectrum that is bounded below), any function h = },;" 1,0, €
K(A) for A <« 0is either identically 0 or has non-trivial first component. It follows

that for A <« 0 such that K(A) # {0} we may normalise the non-trivial kernel
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element h so that hy = 1.

In the basis ®, on I'; the map A;(A) takes the form of an infinite diagonal

matrix, represented in the block partitioned form

mo(A) | 07

(4.5.10)
0 | M)

Here my(A) := —@{(1; 1)/ @o(1; A) is the Weyl-Titchmarsh m-function for the L*(0, 1)-

classical-limit-circle ordinary differential problem

1d( de 1
_;a(rd—ro(r;/\))—ﬁ(pg(r,%) = Apo(;A) (re(0,1),
(pods(utg + Boo) = (rpo) iy + Bro))(r; 1) — 0 (r—0),

the infinite column-vector of zeros is denoted by 0, and M(A) is the diagonal sub-
matrix whose n-th diagonal term (n = 1,2,3, .. .) is the L*(0, 1)-classical-limit-point
Weyl-Titchmarsh m-function m,(A) := —¢,(1; A)/9,(1; A) for the ordinary differ-

ential problem

do,, 2
_ %% (rd_(i(r,- A)) + Z—z(pn(l’; A) = Agu(r;A) (re(0,1)). (4.5.11)

In the same basis, Ayg(A) lacks this diagonal structure. Nonetheless we represent

it in the block partitioned form

b(A) | CA)

Lemma 4.8. The pencil of Dirichlet-to-Neumann maps A1 + /\¢ is an analytic, operator-
valued function on C\IR, and the quadratic form {(Ay + No)(A)h, )12, has imaginary
part of the same sign as Im(A). The derivative of the pencil is a compact operator on any

Sobolev space HX(T;).
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Remark. We can think of A1 + A as an operator-valued Herglotz function.

Proof. Owing to Proposition 2.1, we know that any Dirichlet-to-Neumann map,
for the conductivity problem (2.4.2) with Dirichlet boundary conditions, is ana-
lytic. Applying exactly the same argument to a general Schrodinger problem with
any self-adjoint boundary condition on part of the boundary and a Dirichlet-to-
Neumann map defined on the remaining boundary shows that Ay and A; are

both analytic, whence so is their sum.

To establish the half-plane property, we need to examine the imaginary parts
of both
(As(A)h, By, and (Ag(A)h, ..

The latter involves straight-forward integration by parts and proceeds like the

proof of Proposition 2.2. Using Green’s formula and the solution w to (4.5.8),

<AO(A)h/h>l"i = f(_aVUZUO)w_O
I

=- L ((Awo)w_o + |Vw0|2)

0
=A f lwol* — f |Vl (4.5.12)
Q Q)

This clearly has imaginary part of the same sign as that of A.

On the other hand, integration by parts fails for the solutions of (4.5.9) (re-
call the solutions 1y and vy when A = 0). Instead, decompose the solution as
in the proof of Lemma 4.6, effectively treating —A and —A as, respectively, the
potentials*® g; and g,. Letting w; solve (4.5.9), there are real constants w, (n =
0,1,2,...) so that W,(r,9) = w,U,(r)©,(3) form the terms in a series expansion:

wy =Yoo Wy, =t Wy + W. The term W arises from the regular part of the problem,

46The key difference between these two proofs is that before, we had g; = ¢» in some neigh-
bourhood of the boundary.
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and is in H*(Q)1) [99], and moreover all the W, are pairwise orthogonal in L?(C);).

Hence, by Green’s formula,

(A=) fQ w0 = (A — 1) fQ WoW, — fQ (AW)W — WAW)

. 1 /2
:@u_mﬁkmmwwljdw%ww

/2

- f (@, WW - W, W)
00

= XA - 1) fo 1 rdr [Uo(r)? + f (Wa,, W - 9,,W)W). (45.13)

T

Without loss of generality we scale wy to be 1, set 0 < 6 < 1 and examine

1
M—ELmemE@=mm%m—%mmm—dm@%@—%@m@)

- fr (WO‘%WO ! Wo)Wo) — [Uo, Uo)(9)- (4.5.14)

Clearly the lemma will follow if we can show that [U), Up](6) vanishes as 6 — 0,
since by monotone or dominated convergence the integral on the left-hand side

of (4.5.14) tends to fol r|Uo(r)|*dr; combining this with (4.5.13) yields

Im(A) | i = Im (A (A, Bagry) - (4.5.15)
0]

Similarly to Lemma 4.6, we relate the boundary behaviour of Uy to that of the

solutions 1 and v, for A = 0 by applying the elementary identity

— U, U,
(U, To] = —e [Uo, uo] [Uo, vo] , (4.5.16)

[UOI 1/[0] [UOI UO]

since 1y and —evy form a fundamental system satisfying [uo, v9] = —¢!. Thus,
since both Uj and its conjugate in its place satisfy [Up, uo+pvo](0%) = 0, we see that

the columns in the right-hand side of (4.5.16) become collinear as its argument
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approaches 0. The lemma is proved. m|

Lemma 4.9. Let A be less than the infima of the spectra of each L; (j = 1,2,3,...) and
of the Laplace operator in Qy with homogeneous Dirichlet boundary conditions; let z be
from the cut plane C. := C\[0, +o0). Then both (M + C)(A) and (M + C)(A + z) are

invertible, and the inverse (M + C)(A + z)™! is given by

-1
(11 +z(M + C)(A)™! f (M + C)’) M+ C)(A)™

[A,A+z]

Proof. Lemma 4.8 implies that M + C is differentiable anywhere in A + C, and its

derivative is compact. By the fundamental theorem of calculus*”,

M+C)A+z) =M+ CO)(A) + f M+ Q).

[A,A+z]

Hence, the lemma will be established upon showing that (M + C)(A) and subse-
quently 1 + (M + C)(A)™* f[ A Mz](M + C)’ are invertible. The first will be achieved
by checking the definiteness of the sign of (M + C)(A), the second will be a conse-

quence of the analytic Fredholm theorem [116, p. 201].

By (4.5.12) we see that Ag(u) < 0 for any u < 0, from which C(A) < 0 follows
immediately. Furthermore, the diagonal entries of M(A) are precisely m,(A); see
(4.5.11) and the preceding discussion. Owing to a remark in [99, p. 4], for n =
1,2,3,..., we have m,(A) = —iﬂ];(i V=1)/J,(iV-71), to which we may apply
[44, Egs. 10.6.2, 10.19.1] to show by an algebraic calculation that with fixed A <0,
asn — oo,

my(A) ~ —n.

We deduce that (M + C)(A) < 0, and its invertibility follows.

47The version for operator-valued analytic functions, of course.
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Consider, now, the analytic operator-valued function

o(2) = (M + C)(A) (M+C) (zeC).

[A,A+z]

Since [ (M+C) = (M+C)(A+z)—(M+C)(A) we may apply the reasoning that

AA+z]
led to equation (2.4.4) to see that this integral is compact. Hence, since (M+C)(A)~!
is bounded, we observe that <7(z) is compact for every z € C.. Furthermore, if
z € C\R then ker ((M +CO)(A + z)) = {0}, since if this were not the case we would
have a non-trivial function on the interface I';, meaning (by the Remark on page
129) there would be an eigen-function for T with a non-real eigen-value, which is
forbidden by the self-adjointness of T. Indeed, this is also contradictory for any
z < 0 since neither M nor C can give rise to eigen-values less than A. Therefore, by

the analytic Fredholm theorem [116, p. 201], the following two cases are mutually

exhaustive:

(1) (]1 + ;z%(z))_1 exists for no z € C;

(ii) (ll + of (z))_1 exists for every z € C..

Clearly

M+C)(A+2)=M+C)A) (IL +(M+CO)(A)™! M+ C)’)

[AA+z]

= (M+ O (1 +#(2)),

so if z < 0 then both sides are invertible. This excludes case (i), and the lemma is

proved. m|

Theorem 4.4 (Negative eigen-value asymptotics for general domain). Let € be
specially decomposable, q an admissible potential, f an admissible boundary function that

is additionally 0 outside Ty, and p € R parameterise a self-adjoint boundary condition
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at 0. Then the operator T defined in (4.1.6) has discrete spectrum accumulating only at
+o0o, and—uwith S defined above equation (4.5.3)—its negative eigen-values possess the

asymptotic expansion
e -1gy _ '
An ~ —p 2¢(Sp+tan [S)e 2nme (7’1 OO)

Proof. For discreteness and accumulation points of the spectrum of T we refer
to [99, Sec. 5]. The remainder of the proof is split into two parts, in which we
asymptotically bound the counting function for the negative eigen-values A, of T
from, in turn, above and below by that for the negative eigen-values A} of L’. We

may again without loss of generality take g = 0 in our calculations.

1. Bound from below. Take any smooth cut-off function u on ) that is supported
and radially symmetric in {);, and takes value 1 in %Ql (in particular, d,u Ir,= 0).
Note that the partial derivatives of u are supported in the half-annulus A :=
Ql\%Q1. Let n < 0, and choose eigen-function ¢, for L’ at the eigen-value A},
such that it has L*>-norm [|@,ll;2,) = 1. We will show that these ¢, are “pseudo-

modes” for T, i.e.,

(T = A ue,
||M(Pn||L2(Q)

L2(Q)

=g, =0 (n—> —o0). (4.5.17)

By the spectral theorem, denoting the eigen-values of T as A; and the correspond-

ing normalised eigen-functions as ¢; (j € Z), we may write

T = ADugall? = )" (A = ALK pew, ¥ oyl

jEZ

Suppose |A; — AL > &, for every j € N. Then

Elupallagy > €2 Y Ko Vol = llupil g,

jEZ
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a contradiction. Thus there is a subsequence A;, satisfying |A;, — A}| < &, (n =
-1,-2,-3,...). Hence if ¢, —» 0 (n — —o0) we will have established the lower

bound.

Firstly observe that, by choice of u and the fact ¢, € D(L’), we have

HPn = fOr(upn) = p(n = fOupn) = fOvp)n = 0,
implying u¢, is indeed in D(T). Next we calculate that, clearly,

) 0 in Q\A,
(T - /\n)#(f)” = .
-(Aw)p, —=2Vu -V, in A

If we can show that ¢, and Vu - Vg, go to 0 uniformly in A then (4.5.17) will

follow.

Set x,, = \/—_A}l, and define the (more conveniently notated) Hankel functions
H7 = ], £1iY,, where, as is standard, ], and Y, are the Bessel functions of, respec-
tively, the first and second kind. Since A} < 0 we know that the eigen-functions ¢,
for L’ come from the £} operator in the decomposition (3.5.7). For any eigen-value

A of £, the corresponding eigen-function is a constant times the sum
Jire(r VAYYiye(VA) = Yie(r VAYJige(VA);
see the last equation of [99, p. 4]. Thus ¢,, is some constant multiple of

Ou(r, ) = e—S/s(H;;g(irKn)Hi_/g(iKn) - Hi_/e(irkn)H;;g(iKn)) = SR ().

It follows that, to normalise ¢, asymptotically, we need to know the leading-
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order behaviour, as n — —oo, of

1 1
—— | gl = f [H,(r)Prdr
e sinh (%) o 0
o 2 tdt
= |\H? (it H;, (i) — Hy (OH ()| = (45.18)
0 Ky
One may easily calculate from [44, Eq. 10.17.5-6] that, for x > 0,
w(lx) W/ e AEDR/AER/26p ¥, =12 (x5 fo0). (4.5.19)

Expanding the absolute value in the right-hand side of (4.5.18), we see

1
o HA)Prdr
()P

e H;, (it) HS, (i)
—‘fo 1/é(lt)|2{1+ —2Re( ., () H, (0 tdt

By (4.5.19), as n — —oo, the term in { }’s converges pointwise to 1, and more-

e (zt) mn)

H., (i)

z/e(
Z/E(zt)

over for sufficiently large n—denoting the greatest such n by ny < 0—this term is
bounded by 4. By the latter it follows that for n < n, the integrand of the right-
hand side is bounded by 4t|H;;5(it)|2, which, owing to (4.5.19), is certainly inte-

grable over (0, o). Hence dominated convergence applies, yielding, as n — —oo,

1
[ ruorar ~ o vf f A
0
~ f |7 )|t - i, Hi‘/e(ixn)r

2 N |H+g(zt)| ST
en/e n 6'

7

137



4. Boundary singularities and partial data

AR\

from which we find

2K, 2
=:C,.
n

K, €
Tt

_ p,2n/e 0 [
f 6 - 2e(1 —e72/e) [ |Hy (it)| tdt L
O "

::17

According to this definition of ¢, we have—up to sign—the pointwise asymp-
totics @, ~ ¢;'¢, as n — —oco. More explicitly, we can calculate from (4.5.19) that,

pointwise, as n — oo, we have
d/e 2i -1/2 -1 (1-r)x
e Pp(r, ) ~ ——r7k, e ",
i

Hence

2i ‘
e, (r, 9) ~ _n_nr_l/szl/ze_m”/

and since within A we have 1/2 < r < 1 it is clear that ¢, [#— 0 uniformly as

n — —oo.
Now we examine

Vu(r,8) - Vo, (r, 3) = [Vu(r, 9)IIVe,(r, 3)| cos ( arg Vu(r, 9) — arg Vo,(r, 8))

= 0,410, 93,ps(1, D c0s (- @spir, ) = Dsgpa(r, )

s u(r, 9
= |ay‘l.l(r, S)ar@n(n 8)' Cos (%) :

It is clear from our prior calculations that d,p, ~ c,;lé?rcj)n. Now recall [44, Eq.

10.6.2] that %Hg—'(z) = %Hg—'(z) — HZ,,(2), from which we derive

e%/50,d,(r, 9) = g (L3 (irn) H (i) — Hy (ircn) Hj (i)

— Ky, (H1++i/g(i”7<n)Hi_/g(iKn) - H1_+i/e(ir1<n)Hi7€(i1<n)) : (4.5.20)
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Again it is easy to calculate [44, Eq. 10.17.5-6] that

. [2 . L
Hi.j/g(lx) ~ ;e—z(li3)n/4in/25€+xx—1/2,

from which we may show that the first and second terms in the right-hand side

1 7
~

of (4.5.20) are asymptotically equivalent to—i.e., they “~"—respectively,

2 2 ;
e(l—r)K,,r—l/ZK;1 and — _e(l—r)unr—l/Z.
rTeE Tt

It follows, after substituting these into (4.5.20) then dividing by c,, that

2
es/g&r(pn(r,S) ~ ——r_l/zxi/ze_m” (n - —c0),

i

and therefore, as desired, Vi - Vo, must go to 0 uniformly in A. The lower bound
on the difference between the counting functions for the negative eigen-values of

T and L’ is immediate.

2. Bound from above. Our technique here is quite different from the asymptotic
analysis of part 1. Instead we will use the pencil of the Dirichlet-to-Neumann
operators on I from the sub-domains either side of the interface, and analyse
non-triviality of its kernel, which occurs precisely when T has an eigen-value.

Counting zeros of an associated function will then provide us with the upper

bound.

The normalisation /iy = 1 ensures that A < 0 is an eigen-value if and only if

there is h such that

mo(A) +a(A) | bA)T 1

=0.
b(d) | M) +CcA) || h
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After expanding the product we find that this can only happen if b(1) = —(M(/\) +
C(A))h. Thanks to Lemma 4.9 we see that M(A) + C(A) is invertible for A <« 0.
Defining h(1) = —(M(A) + C(A))_lb(A) and h = (1,h")T we observe that A is a
sufficiently negative eigen-value for T if the following expression vanishes:

&) = (A1) + Ao(V)h(A), h()) ,

= mo(A) +a(A) - b(1)"(M(A) + C()\))_lb()\).

Thanks to Lemma 4.8 both A; are Herglotz in quadratic form, and analytic as
operator-valued functions; in particular any sub-block is analytic. Furthermore
A arises from a problem on a bounded domain with regular boundary condi-
tions. Therefore we see that a(1), b(A) and C(A) lack poles when A is sufficiently
negative or non-real. Moreover for the same A the coefficient a(A) is never 0,
b(A) is not identically the zero vector—though it could have some zero entries—
and C(A) is never null. Moreover the Herglotz property of A; + A ensures that

Im(&(1))Im(A) > 0.

The invertibility of M(A) + C(A) for non-real A follows from Lemma 4.9, and
is enough to ensure analyticity of & away from R, and establish that & is, like
A1 + Ay, Herglotz. Now, for A < 0 we know M(A) is of fixed sign, so we see that
the poles of & and my are identical; by the interlacing of the poles and zeros of
Herglotz functions*®, we have shown that between any two sulfficiently negative
poles of m there is a zero of & and hence at most one eigen-value of T. The upper
bound on the difference between the eigen-value-counting functions for T and L’

follows immediately. O

We are now in a position to prove our full-spectral-data uniqueness theorem.

+8See the final remarks of Appendix A.
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Theorem 4.5. Let Q) be specially decomposable, Q' a sub-domain of (3, g1 and q, admis-
sible potentials satisfying q1 = g, in Q/\CQY', f and f, admissible boundary functions
for Berry—Dennis boundary conditions supported in the straight edge I', and p1, > € R
self-adjoint boundary conditions at 0. Consider the full-spectrum Dirichlet-to-Neumann

operators Aj(A) : b —dyu; (h € HY*(I),A € R, j = 1,2) defined by

(A +qpu;(-;A) = Aui(-;A) inQ),
uj— fioyu; = 0 on T,

[uj, ug + pvol(0) = 0,
uj = h onT.

IfAl = Az then q1 = 42, f1 = fz and ‘81 = ﬁz.

Proof. Denote by A the equal maps A; = A,. Since we know the behaviour of
A on the real line, we know where its poles lie, ergo we know where the eigen-
values A, of T are. In particular, by Theorem 4.4 we may deduce that, as n — —oo,
we have

21Tt _ _ _
—>€11:521 = &7}

which determines f; = f, completely on I';, where the latter are supported. The
constant ¥ is fixed and may in principle be calculated (see Lemma 4.7), so in turn

we may calculate from Theorem 4.4 that, as n — —oo,

log(—Ay) + 2e(nm + )

2¢ — tan"!(B;) = tan"'(B,) =: tan""(B).

Finally, we apply Theorem 4.2 to the triples (q1, f, ) and (g2, f, ), with equality
of A1(A) with Ay(A) for any fixed A € R, to deduce that q; = g, in Q. O
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Further work

‘I was born not knowing and have only had a little time to change that here and

there.

— Richard P. Feynman®"'

The work carried out above has explored some curious and interconnected
issues. We highlight these in this final chapter, and simultaneously discuss ideas

for directions in which the work could be continued.

Firstly, for one-dimensional pencils, how does the choice of underlying Hilbert
space affect the boundary data we are allowed? In Chapter 3 we considered the
differential equation

1, , /
== (5 ) + (3 A) = Aw(yu(r; ),
and observed that over the Hilbert space L*(0, 1; rdr) the dimension of its solution

space can change when A is varied. This is in juxtaposition to the more standard

>1Perfectly Reasonable Deviations from the Beaten Track: The Letters of Richard P. Feynman,
Michelle Feynman (2005).
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choice of Hilbert space with weight rw(r)dr, over which the solution space dimen-
sion is invariant in A. The concepts can easily be generalised to more arbitrary
operators T, and T; over some Hilbert space, and one could consider applying
the techniques of boundary triples’? to determine more abstract formulations of

boundary data for pencils of the form Ty + ATj.

Secondly, the assumptions in Chapter 3 that both g and w must be locally
bounded except near 0 seem somewhat artificial, though they do at least capture
the essence of the singularity at 0. The author hopes that they could be lifted to
at least Llloc(O, 1], as this is the standard space for coefficients of Sturm-Liouville

problems on (0, 1), regular at 1 and singular at 0.

Thirdly, the new interpolation theorem in Section 3.3 uses a technique specific
to that particular classical limit-circle case to establish that the m-function has an
appropriate Laplace transform representation for it to be interpolatable by the
Rybkin-Tuan method. One would hope that such a specific m-function is not
the only limit-circle candidate for such interpolation. Indeed, the author believes
that the A-amplitude and boundary control methods would likely yield stronger

interpolation results, if explored more deeply.

In Chapter 4 we considered a half-disc domain embedded at the boundary of
some general domain. Moreover the Berry—Dennis Dirichlet-point boundary con-
dition was linear and the Schrodinger potential was radial in a neighbourhood of
the singularity. These three conditions have an artificial flavour, and were im-
posed only to make the given calculations possible. The author believes that the
conditions can be relaxed. Perhaps by a perturbation-type argument, the Berry—
Dennis condition should require at most a simple zero at the singular point and
the potential could be simply continuous near the point. Moreover by taking a

new coordinate system in a neighbourhood of the point one should, without too

>2Gee, for example, [130, 42, 25] and their references for an introduction to these ideas.
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much difficulty, be able to adapt the techniques of that chapter to a Dirichlet-point

on a general C! part of the boundary.

Taking more Dirichlet-points could complicate matters, as the negative eigen-
values arising from each would become interspersed, rendering the eigen-value
asymptotics argument from Theorem 4.4 useless as part of a proof of full unique-
ness. However one could in principle consider the situation of a variable Dirichlet-
point, and request that its location on the inaccessible boundary also be deter-

mined by the Dirichlet-to-Neumann measurements.

In proving the cloaking result of Chapter 4 we made use of the relatively re-
cent techniques in the paper [67]. This was to keep the exposition simpler in this
work, however in principle one ought to be able to improve the strength of the

partial uniqueness of the potential by adapting the more recent methods in [68].

The full-frequency uniqueness result, Theorem 4.5, takes as input data the
operator-valued function A(A), considered over A € R. This probably exceeds
necessity. If we do a simple variables count, we find that g is a function of two
variables, f a function of one, and  a “function” of zero variables, since it is just
a real number. For each fixed A € R (provided we avoid the Dirichlet spectrum,

1°3 which is a function

where A is singular) the operator A(A) has a Schwartz kerne
of two variables. Clearly its value for one choice of A is insufficient to recover
(9, f, B), but, at least in principle, one should be able to prove uniqueness from

knowing merely A [, 1,) for fixed A; # A,; indeed, it should be overdetermined,

as is Calderén’s problem in three or higher dimensions.

In the entirety of this thesis, we have paid little attention to the question of
stability—of course, it comes into play when considering numerical examples,

such as that described in Section 4.4 and Appendix D—and none whatsoever to

3See, e.g., [124, Sec. 0.2].
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the issue of existence of solutions to the inverse problems. Needless to say, these
are not trivial issues, and a more complete solution of these inverse problems
should include results regarding them. The author hopes this will be achieved in

due course.

Finally, there is also the question of the physical significance of our version of
the Dirichlet-point. Starting with admissible Q, f, g and g, the set-up defining the

operator T in (4.1.6) is given by

(=A+qgv(-;A) = Av(-;A) inQ,
o(-;A) = fd,u(-;A) = 0 onT,,
[0(-;A), up + Pvg] = 0 at xo,
o(-; A) = 0 onT.

Formally taking the inverse of the transformation (1.2.1), we write g = y~1/2Ay1/2,

u=y""2pand g = y"2 - 3,5"/2, and find that

V- (yVu(;2) = Apu(;A) inQ,
gu(-;A) = fy'?o,u(-; ) = 0 onT,,
[y2u(-; A), uo + o] = 0 at xo,
u = 0 onl.

A priori, there is no reason to believe ¢ need not have simple zeros of Berry—

Dennis type, although the so-called “Neumann-points””*

are not problematic
from the perspective of self-adjointness [21]. Assuming it is well behaved every-
where, then, we have the equivalent Berry—Dennis boundary condition u — f&vu.
Physically, this is a prescription of a relationship on I'. between the current and

voltage, which decays (asymptotically linearly) at one point to a condition solely

on the voltage. We are not aware of any physical examples of this sort of be-

>4These are where the Robin condition degenerates to a Neumann condition.
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haviour, but this could simply be because physicists and engineers have not yet
looked for them. The author’s opinion is that discovery of such examples is cer-
tainly a worthwhile endeavour, not only from his desire for mathematical com-

pleteness but also for the novel material properties that they might embody.

In conclusion, we hope firstly to have elucidated for the reader some interest-
ing mathematics and described clearly for them some novel techniques in analy-
sis. We also hope that in the last few paragraphs we have impressed on the reader
that these ideas are but the first timid steps into another area of mathematics, with
the potential for both physical application and to be a bountiful source of exciting
and fascinating problems. Of course™, if we have seen further, it is by standing
on the shoulders of giants. Yet, whilst we but played on this grand sea-shore, we

had and still have lying before us the great undiscovered ocean of truth.

55To paraphrase Newton.
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‘I am a brain, Watson. The rest of me is a mere appendix.’

— Sir Arthur Conan Doyle’*

A Herglotz functions

The classical theory of analytic functions in the upper half-plane C* = {x +iy | x €
R,y > 0} with non-negative imaginary part has been ascribed to various people,
notably Nevanlinna, Pick, and Herglotz. We follow a tradition in mathematical
physics—to which the author feels a strong connection—in referring to such func-
tions by the latter name, and intend no insult to the others who worked on them.
In this appendix we collect some useful facts concerning these functions. The
proofs can be found scattered in various works, though two detailed references
on the topic are due to Gesztesy and Tsekanovskii [57], and (more classically)

Aronszajn and Donoghue [8]. In what follows we refer more directly to [57].

Herglotz functions are usually extended by symmetry to C~ = C+, i.e., if his a

Herglotz function then its extension is defined by

hz) = h(@Z) (z€C). (A1)

>6Sherlock Holmes, in The Adventure of the Mazarin Stone, Strand Magazine (1921).
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We note the following two results, which are both crucial yet trivial.

Proposition Al. Let hy and h, be Herglotz functions. Then hy + h, is Herglotz, and if
hy(C*) € C*, then hy o hy is also Herglotz.

Corollary Al. As a consequence, for any complex ai1,a12,an and ay, defining a =
(aif)z'z,jzl and satisfying a*Ja = | where | = (0,—1;1,0), we have

a1 + axh(A)

h,(A) i = ——————=
@) a11 + apph(A)

(AeCh

defines a Herglotz function whenever h is Herglotz.
Remark. In particular, a can be taken to be

sin(a) cos(a)

cos(a) —sin(a)

Arguably the most important fact about Herglotz functions is their Lebesgue—

Stieltjes integral representation:

Theorem A1l. If his Herglotz then there is a real-valued Borel measure p on R satisfying
the growth condition f_ 0;(1 + 2)71dp(t) < oo such that

1 t

hA)= A+BA+ I (ﬂ - m)dp(t) (1 eCh, (A2)

and is absolutely convergent as an integral. The constants are given by

A =Re(h(i)),

B = lim M > 0.
r—+oco0 17

Conversely, any function h specified on C* by A € R, B > 0 and an admissible measure

p via the formula (A.2) is a Herglotz function.
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Proof. See the references for [57, Thm. 2.2(iii)]. O

Remark. The term o5 simply increases the decay rate in the integrand. If f_ O:O ‘i’fr—(lil) < 00

then the formula collapses to

h(/\):A+BA+foof‘i—(2 (A eCh),

where A = A — foo tdp(t)

—co 1+£2

Part of the statement in Theorem A1 may be written in a constructive form:

Theorem A2. The measure p may be calculated from its Herglotz function h:

1 Yy
p(lx, yD) + p((x,y)) = —lim | (h(s +ie) — (s — ie))ds.

1T eNO )

Proof. See the references for [57, Thm. 2.2(iv)]. O

Corollary A2. If p is continuous in an interval I C R, then for all x,y € l with x < y

we have, more explicitly,

Y
p(y) — p(x) = %h{% (h(s + i€) = h(s — ic))ds. (A.3)

Remark. We are thinking of p in two ways, both as a measure and as a real-valued
function of bounded variation. In the former sense we interpret the integral in the manner

of Lebesgue, whilst we view the integral in the latter sense as being of Riemann—Stieltjes

type.

Considering a closed and densely-defined self-adjoint operator™” T on a Hilbert
space H and A € C* ¢ C\o(T), for any u € H the form h(A) = (T — A)'u, u)y sat-

isfies

“1
Im(((T - A)_luz u>H) = f |trr_1(;\|)2 d<Etu/ u>H/

57See Section 2.1.
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and is easily seen to be analytic in A, making it a Herglotz function. It follows
without much difficulty that dp(t) = d(E;u, u)y and A — f © 40 — 0 = B. This

—co 1+£2

links directly to Stone’s formula [116, Thm. VIL.3], which states

1Y 1 1
E[x,y]+E(x,y):£1{‘I(}E ) ((T—s—zs) — (T — s + i¢) )ds,

where the limit is strong, i.e., in H-norm when acting on any fixed u € H.

Another key result for these functions concerns when they may be analytically

continued from C* into C:

Theorem A3. The continuation by reflection in (A.1) is analytic through a real interval

(x, y) if and only if p is not supported in (x, y).
Proof. See [61,57, Lem. 2.5]. O

In light of this we consider any Herglotz function / to be defined on its maxi-

mal domain. To close this appendix we list a few more important properties:

¢ If p as a function has a finite discontinuity at x and is continuous near x then

h has a simple pole at x with negative residue [57, Thm. 2.2(vi)].

¢ If the function p increases continuously in the interval I then / is not defined
on I and suffers a discontinuity approaching I from either side, i.e., either of

C* [57, Lem. 2.5].

* The zeros and poles of h interlace, i.e., if p is 0 between any two poles then

in the same interval there is a zero.

The last is a simple consequence of the intermediate value theorem and noting
that in any interval of continuity h'(1) = B+ f_ D:O(t‘ —A)2dp(t) = 0, i.e., his increas-
ing.
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B Bessel functions

In this appendix we collect some necessary results on the large-n asymptotics of
the eigen-values and norming constants defined in Section 3.3, as well as a result

on asymptotics of the m-function, needed in the same section.

The eigen-values of the Bessel equation of zeroth order, with Dirichlet and
Neumann boundary conditions at the left and right end-points respectively of
(0,1), are well-studied, and are algebraically equivalent to the positive zeros of
the Bessel function J;. This information is enough to determine the eigen-values
Ay for the boundary value problem (3.3.3), (3.3.4) and (3.3.7), asymptotically to
order 1/n. We calculate these first for the unperturbed equation, then use a result

from [35] to move to the perturbed version.

Lemma B1. Let Q € L*(0,b), h € R and denote by U,(- ; A) the principal solution at 0
of (3.3.3),

—u (e ) + {Q(x) - ﬁ} u(xA) = Aux A) (xe O,b),

ie., U, is non-trivial, and for all linearly independent solutions V we have U,(0*) =
o(V(0%)). When ordered by size and enumerated by n = 1,2,3, ... the eigen-values A, of

the above differential equation with the boundary conditions

[u, U,]1(0%;A) =0,
w (b; A) = hu(b; ),

satisfy the asymptotics

N (n + i)% +O(1/n).

Proof. Suppose firstly that Q = 0, and denote the corresponding eigen-values by
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AY. The boundary condition at 0 allows us to choose any constant multiple of
x12]o(V/Ax) as our solution. The condition at b then forces the eigen-values to be

the positive zeros of
VAL VA) + (1 =1/2)Job VA).
Thus, for each fixed ¢, we seek asymptotics for the zeros of

f(2) := zJ1(2) = cJo(2).

Recall that Jy and J; have only simple positive zeros [2, Sec. 9.5], and notice
fGon) = jouJ1(jo,.) which alternates in sign as n is incremented because j, inter-
lace with j; ,. The intermediate value theorem then gives a zero z, € (jou, jon+1)
for f, whilst the fact that J, and J; oscillate with asymptotically the same “pe-
riod” [2, Sec. 9.2] means z, is unique. Since jo, = (n — 1/4)n + O(1/n) and

Jin = (m+1/4)t+ O(1/n) [2, Eq. 9.5.12] the positive zeros of f are
Z,=m+1/4)n+e¢, ~n,

with the leading-order behaviour following from |e,| < /2 +O(1/n). We now use

the asymptotic expansion [2, Eq. 9.2.1] of the first-order Bessel function J,(x) =
\/(2/713()( cos(x — um/2 —nt/4) + O(l/x)) (x = +00) to observe that

O(1/n) 3 \/CZJO(Zn) = Vi hi(z)

- _ \/%( cos(z, + m/4) + O(1/n)).

Taylor-expanding around the zeros of cosine implies b \/A_g =z, =(n+1/4)m +

O(1/n). Finally, the second equation of [35, p. 17] implies VA, = \/A_2+O(1 /n). O
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The next lemma provides an asymptotic representation of the norming con-
stants in Section 3.3. For its proof we will relate our notation to that of [35], then

utilise some results from the same paper.

Lemma B2. Let Q € L*(0,b), h € R and suppose ¢(- ; A) solves (3.3.3) with initial
conditions @(b; A) = 1,¢’(b;A) = h. Then the norming constants o, := fob o( ;)2

satisfy
a, =b/2+ O(1/n).

Proof. We begin by transforming to the interval (0, 1), so that we may use some

results from [35]: defining 1(x) = @(bx) and P(x) = b*Q(bx) (0 < x < 1) we find

untcp) (xe 1),
1, (B.1)

bh,

11" (6; 1) + (P() = g2 ) )
n(L; w)

(15w
where p = b*A. Then set u, = b*A, and 1, = (- ; uu). By checking the boundary

conditions one may easily see that

N = Y20 5 ) /Y2 (1; ),

where y,(- ; 1) is the solution of the differential equation in (B.1) satisfying the

1

boundary condition x/2y,(x; u) — 1 (x — 0). In the second-to-last equation of

[35, p. 16] it is observed that, as p — +oo, we have
1
1)1 l%@ﬂ
sop 1L o(0)]
‘fo A 0 lz 0

Since fob P(-; M) =D fol 15, if we set p, = /li, then the lemma would follow if

y2(L; 1) = pa(1+ O(L/m)). (B.2)
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To justify (B.2) we appeal to [35, Lem. 3.2], which implies that

vo(1; pn) — \/gfo(pn) <

where (using Cauchy-Schwarz for the third line)

(¢ -1), (B.3)

1
0<I(n):= fo 1+Xp (1 - log()PGldx

< % j; 1 (1 - log(x))|P(x)ldx

1/2

1 ! 2
< ( | (1= 10g) dx) 1Pl
n \Jo
3 >
- QI o (B.4)
bpx
Thanks to (B.3), (B.4) and Lemma B1, we find
T _
o1 ) = \/;]o(pn) +0(™") (B.5)

Lemma B1 shows furthermore that p, = j,, + O(1/n) = (n+1/4)1t+ O(1/n) which,
thanks to || = -], are asymptotically the local extrema of J;. Hence by expanding

the cosine part of [2, Eq. 9.2.1] in a first-order Taylor approximation around nr it

Jo(pn) = \F [ +0(3)]

Upon substitution into (B.5) this yields (B.2), as desired. O

follows that

C Asymptotics for Sturm-Liouville problems

In Chapters 2 and 3 we have made free reference to various spectral asymptotic

results for solutions of Sturm-Liouville problems, as well as for the resulting
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Weyl-Titchmarsh m-functions. Such results are often classical, and well known to
those familiar with the field. However the standard sources of their proofs can be
arcane or difficult to follow. For this reason we include here the few key asymp-
totic results we will need, and our versions of their proofs, as well as references

to more original sources.

Lemma C1 (Asymptotics in A of a fundamental system). Let p = w = 1, suppose 0 <
b < oo and take a real-valued q € Llloc[O, b). Then the fundamental system {s(- ; A), c(- ; A)}

for the one-dimensional Schrodinger equation
— (5 A) + qu(; A) = Au(x; A) (x € (0,D)), (C.1)

defined by the initial conditions

s(0;A) = 0, c(0; A)
s’(0; 1) 1, | c(0;A)

1,

0,

satisfies the following asymptotic expansions. For any fixed x € (0,b) and 0 < 6 < 1/2,

as A — oo in the sector S5 := {A € C |6 < arg(A) < 7t — 8} we have

s(A) = &?")(1 +0(IA13), (C.2)
c(x; A) = cos( VAx)(1+ O(A[?)). (C.3)

Proof. We explicitly show the calculation for s(x; A). By integrating by parts twice,

% fo sin(‘/z(x—t))LI(t)s(t;/\)dt:% fo sin ( VA(x = H)(s” + As)(t; A)dt

_ sin( VAx)

ot s(x; ). (C.4)

Write VA = u + iv where u,v > 0 since A € Ry € C*. Then, since 2i sin( \/Xx) =
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e~v¥elhr — ev¥e7 ¥ we see from (C.4) that

e—vaeiyx _ e—iyx
2i VA

fx e~ 2Vt pipix—t) _ pip(x—t) () t ()d (C.5)
. te "'s(t; A)dt '
. 2i VA !

s(x; A)e ™ =

Now, on the interval (0, x), (C.1) is regular and has only bounded continuous

solutions™®. Hence we may define h(x; A) := SUP;c(0,) [s(t; A)e™!|, and we observe

1 h(x;A)
h(; ) £ —— ,
RN TR fo|q|

ergo, whenever | VA| - fox lgl > |Al/2 we have

from (C.5) that

2

1
Is(x; A)| < h(x; A) < — < )
IVAI= [ lgl VA

(C.6)

Finally, we may substitute this estimate into the integrand of (C.4). Since —i VA =
v —ip, the expressions e VA and e VX are respectively exponentially growing and

decaying in size as S5 3 A — oco. Thus (C.4) is bounded by
2|/\|—l f |evx|_|e—2vx _ e—vt)e—iZH(x—t)Hq(t)ldt
0

Moreover sin( VAx) = (e — ¢™"**1%) /2, meaning that

VAs(x; ) 1‘ - 4 ["|ql
sin(VAx) | VAl

This concludes the proof for s(x; A), whilst that for c(x; A) follows similarly. O

Remark. These asymptotics were effectively first developed in 1958 by Titchmarsh [127,
Sec. 1.7]; although his argument used a continuous potential, the exact same reason-

ing works with a potential from L] [0,b). The above calculation was adapted from that

58Gee Section 2.2.
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proving [92, Ch. I, Lem. 2.2].

Not only do s(x;-) and c(x;-) possess nice asymptotics, they are also entire
functions. To prove this fact we will need to use the method of variation of pa-
rameters. Since this method is usually stated in general, abstract terms, we briefly

note here the most general version of the result that we will require.

Proposition C2 (Variation of parameters; variation of constants). Let 0 < b < oo,
and 1/p,q and f € L, (0,b). Suppose y, and y, are linearly-independent solutions on

(0, b) of the homogeneous equation

=(pyo) +qyo = 0.

Then y is a solution on (0, b) of the inhomogeneous equation
~(py) +ay=f

if and only if there are constants ¢y and c, such that

) = () + e = ) [ st [V (xe o)

where W(y1, v2) = yipy, — Y2py; is the Wronskian.

Lemma C2. The fundamental system s(x; A),c(x; A) (x € (0,b),A € C) defined in

Lemma C1 consists of functions that, for each fixed x € (0, b), are entire in A.

Proof. We present our version of the proof in [140, Thm. 3.8] for A-differentiability.
It is equivalent to show that any solution y(- ; 1) of (C.1) with A-independent
initial conditions is entire in A. Let A, Ay € C be not equal, and observe that, on
(0,b),

=y (A + gy A) = (A= Ay( 5 A) + Aoy(- 5 A).
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Since {s(- ; Ao), c(- ; Ag)} are a fundamental system, there are constants a; and a,
such that y(- ; Ag) = aic(- ; Ao) + aas(- ; Ap), where y(0; Ag) = y(0;A) and y'(0; A) =
y'(0; A) satisfy the same A-independent initial conditions. Hence variation of
parameters—Proposition C2—implies we may use the same fundamental system

to write, for every x € (0, b),

Y5 A) = y(x A0) + (A = Ao) f (56 Ao)et; Ao) — (8 Ao)e(x; Ao) )y Hdt,  (C.7)
0
after noting that the Wronskian has constant value

c(0; A)s(0; Ag) = ¢’(0; Ag)s(0; Ag) = 1.

Now s(- ;A) and c(- ; A) satisfy the unique continuation theorems for initial-
value problems, meaning they are continuous for every fixed A. This means that
(C.7) shows that for each x € (0,b) the function y(x;-) is Lipschitz continuous at

Ao, implying that the same equation then proves y(x;-) is differentiable at Ap. O

The next lemma is due to Everitt [49, Thm. p. 445], and provides one with
leading-order asymptotics of the m-function for our particular Sturm-Liouville

equation.

Lemma C3 (Asymptotics of an m-function; Everitt, 1972). Let q € L, [0, b) be real-

valued, and consider the differential equation
—u"(5; A) + q()u(x; ) = Au(x; 1) (x € (0,b)) (C.8)

If it is in limit-circle or regular at b, prescribe any self-adjoint boundary condition there.

Then the Neumann m-function™® m(\) associated with this equation (and possible bound-

>9This is defined in (2.2.5) by a = 7t/2.
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e
ary condition) satisfies, as Sy 3 A — oo,
i
m(A) = —=+ O(AI™), (C9)
Vi

where Sy is the sector {z € C | 6 < arg(z) < 1t/0} for a given 0 < 6 < 1/2.

Remark. The first asymptotic formula of this type was due to Marcenko [101, Thm.
2.2.1], with remainder term o(|A|™Y/?). Everitt and Halvorsen extended Lemma C3 [51].
If one imposes stronger regularity upon q then one may derive much more detailed asymp-
totics in place of the O-term in (C.9). For example, Atkinson [10] was able to show, by
constructing the non-linear Riccati equation for m, that if q is absolutely continuous then

i iq(0) 1
1) =
m(A) \/X + 5132 +0[|A|Im( \/X)J

as Re(VA) and Im(VA)A|V2 — oo. Later Harris [65] was able to improve the re-

mainder into a power sum in A7/

whose coefficients are polynomially dependent on
(0),4’(0), ...,q®(0) whenever q is k-times continuously differentiable in a neighbour-
hood of the origin. Danielyan and Levitan [40] slightly improved the remainder term of

this representation using a Tauberian-type argument.

To prove this we will first need the following cruder result. It was originally
provided by Hille [66, Thm. 10.2.1], though his proof restricted one to the regular
case with g € L'(0, b); Everitt refined the proof [49, Lem. p. 447 & Sec. 12] extend-
ing the result to accommodate g € L [0,b). We present our version of Everitt’s

proof.

Lemma C4 (Hille, 1969; Everitt 1972). The Neumann m-function m(A) described in

Lemma C3 satisfies, uniformly as S5 3 A — oo,

m(A) = O(AI2).
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Proof. Write VA = p + iv with p, v > 0. It is well known®'? [92, Sec. I1.2] that

b
Im(m(A)) = 2uv j; Is(x; A) — m(A)e(x; A)Pdx,

which may be re-written as

Am(m(A))

b
= ; — . 2
2w |- fo | VAs(x; 1) = VAm(A)e(x; A)Pdx.

We may estimate from this that when, e.g., v* > b™! (b < ) or v > 0 (b = =), we

have
ATm(m(A))

o (C.10)

v log(v)
f ] | VAs(x; A) = VAm(A)c(x; A)Pdx <
0

The reason for this choice of limit of integration will become clear shortly. Since
1 < |A/2uv < 1/sin(6) (A € Ss5) we obtain that the right-hand side of this is
O(Im(A)I). Note that for any ¢, s and m we have VAme = VAs— VA(s—mc). Hence,

by the triangle inequality in LZ(O, v log(v)), we find

v~ log(v) v~ log(v)
[m(A)IIALM2 ( f |c<x,-A>|2dx] - [ f | VAs(x; A>|2dx]
0 0

1/2

v~ log(v)
< [ f ’ | VAs(x; 1) — \/Xm(A)c(x;A)Fdx] = O(|m(A)["?).
0

1/2 1/2

Implementing Lemma C1 we calculate that, as A — o0 in S5, we have

v~ log(v) 1 v~1log(v) 12 -1 v
;AP ~ = 2 dx = ~ <, C.11
[ kmapa g [ e =t can
and similarly
vl log(v) v
f | VAs(x; A)dx ~ 5 (C.12)
0

510Gee Section 3.3.

161



Appendices

Hence, as Ss; > A — oo, we have
A2lm(A)] = O(1) + O(IAIT4m(A)M2) = O(1) + O(IAIHm(A)2)

Clearly if m(A) ¢ O(IAI‘” 2) then there is a contradiction, since the left-hand side

would be growing slower than its own square root. This concludes the proof. O

We may now proceed with the proof of Lemma C3, presenting our version of

the method of Everitt, which now follows easily from the previous proof.

Proof of Lemma C3. We start with (C.10) and apply Lemma C4 to observe that as

A — o0 in S5 we have
vl log(v)
f i VAs(x; ) — i VAm(A)e(x; A)Pdx = O(IAI™2). (C.13)
0
Then from the fact that for any ¢, s and m we have
(1+iVAm)e = (c +iVAs) — i VA(s — mc)

it is easily deduced from (C.13) and the triangle inequality in Lz(O, v log(v)) that

for the same limit of A we have

v log(v 1/2
( f lg()|(1—i«/Xm(A))c(-;A)F)
0

1/2

vl log(v)
< ( f le(- 5 A) + i VAs(- ;A)|2] + O(AITV4. (C.14)
0

By Lemma C1 the integral-term on the right-hand side is asymptotically equiva-
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lent to

1/2

v~ log(v)
( f ’ |cos(\/Xx)+isin(\/Xx)|2dx]
0

p1 log(v) 172
= f et VAxpiVAxdy
0
vl log(v) 1/2
= f e 2 dx
0

<v12,

Moreover (C.11) tells us the left-hand side of (C.14) is asymptotically equivalent

to
'1 + i«/Xm(A)‘ %
Therefore,
‘1 + i\/Xm(A)' = O(AI'),
from which the lemma follows immediately. O

D Numerical procedures

We collect here the codes implemented for calculating approximately a pair (7>, f»)
yielding the same Dirichlet-to-Neumann map as the pair (g1, f1) = (0,0), as illus-
trated in Figure 4.4. The problems in question are given by the following systems,

for j = 1,2, on the square Q := [-1,1]%

(=A+qj)u = 0,

u(-,+1) = 0,

fiowu(,-)—u(l,-) = 0,
du(-1,-) = Agpu(=1,-).
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The numerical computation is achieved in several steps.

(i) Fix f, to be the constant non-zero value 1/k (we choose k = 10 in our exam-

ple).

(ii) Then calculate explicitly the Dirichlet-to-Neumann map for (g1, f1) = (0,0).
In the one-dimensional basis ¢.(y) = sin(nmy) (£ = 1,2,3,...) on the edge

x = —1, the Dirichlet-to-Neumann map Ay is given by the diagonal matrix

mttanh 7t
2mttanh 27t

3t tanh 37

(iii) Now, construct a functional, of possible g’s, whose minimum lies at the ap-
propriate g, corresponding to f, and A, ,, the latter chosen to equal A . To
do this, take any given g, and find the solutions u, and v, (€ = 1,2,3,...) of

the following problems on the square [-1, 1]*:

(A +q)u, = 0, (=A+q)v, = 0,

up(-, +1) = 0, V(- , £1) = 0,

dvue(l,-) —kue(l,-) = 0, dvoe(1,-) —kve(1,-) = 0,
u(=1,-) = ¢u dvoe(=1,-) = NooPr.

The functional we use is formally

F(q) == Z fQ {|u€ —vPq + IV (u, - U€)|2}-
=)

Clearly if the desired g, exists then F(g,) = 0 < F(gq) for any admissible g,

since when q = g, we have u, = v, (€ € N).
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(iv)

(V)

AR\

Remark. In fact, the above series might diverge, in which case we would require a
suitable weighting sequence to ensure convergence. But, since we will truncate the

series, this will not be a problem for the numerics.

Then encode g by its set of Chebyshev coefficients, i.e., the weightings c

such that

[se]

90cy) = ) kT (Te(y),

k=0

where T is the j-th Chebyshev polynomial of the first kind:
T;(x) = cos ( j arccos(x)).

This allows us to write F(q) = F ((ka);;c:o); after truncation we have the prob-

lem of minimising

n M
Ful(eni) =) [ xy b= vie, 0 Y uT T + ¥ - 20 -

k=0

The last major step in coding the procedure is to utilise a numerical differ-
entiation scheme, allowing us to calculate V of various functions as well as
invert the differential operators associated with the above systems. We will
implement the global method outlined by Trefethen [128] which comprises
polynomial interpolation through the Chebyshev points then explicit differ-
entiation of this polynomial. All functions involved will thus be described

by their values on the grid of points
(cos(sm/N), cos(tn/N)) (s,t=0,1,2,...,N), (D.1)

and differentiation will involve multiplying by some explicitly known ma-
trix D. The boundary conditions can then be incorporated into the differen-

tial operator by suitably tailoring certain entries of D?. The whole scheme is
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extremely efficient, exhibiting convergence no worse than finite differences

and avoiding the undesirable Gibbs or Runge phenomena.

M

; k:O) (whose form,

(vi) The above considerations yield a functional Pn,M,N((cjk)
for simplicity, we avoid writing explicitly here) which can be minimised
over using any one of MATLAB's built-in minimisation routines. We use

fminunc, as it avoids certain technical limitations inherent to other min-

imisers such as fmincon.

In the following pages we include the exact MATLAB code used to gener-
ate Figure 4.4. One may check that the g, produced gives rise to approximately
the same Dirichlet-to-Neumann map—A,, 1/10 ® Aoy, in the basis ¢;, truncated
to some n > 1, i.e., the entries of the matrices corresponding to either map are
“close” in the L* sense. Checking this involves inputting (the Chebyshev-grid

version of) ¢, and f, into DtoN.m, and comparing results with the same applied

to g1 and f; for the same choice of Chebyshev parameter N and A-truncation 7.
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© O N U ke W N =

GO g W O a B sl R AR B BB B R R Y E RS8R 28R EREERERRENINREEREEESELRRES RS
a (S N =R N-E RN - N ] S S RN o e B N | N o = L L B e I C R == e B e R S )

% MINIMISATION ROUTINE
NN = 30; % Number of Cheb. pts. to an edge, minus 1

MM = 6; % Degree of Cheb. approx., plus 1

nn = 6; % Number of rows of DN map considered

kO = 0; % BC of first problem

kk = 10; % BC of second problem

err = le-5; % Desired error between iterations
[D,xx] = cheb(NN); % Cheb. diff. matrix and pts., 1D
[xg,vg] = meshgrid(xx,xx); % 2D grid of points

Q0 = zeros (NN+1,NN+1); % Potential of first problem
Q = polycheb (NN,MM-1,Cmin) ; % Start-point of iteration

Cstart = polychebinv (NN,MM,Q); % Start-point of algorithm
Cstart 0.01lxround(100«Cstart); % Rounded start-point
Cstart = Cstart + 0.0l*xrand(MM,MM); % Perturbed start-point

Define function
handle to minimise

Func = @ (CC)FunctGener (NN,MM, nn, k0, kk,Q0,CC) ;

o
o
[}

)

CC = Cstart; % Initialise the coefficient matrix
options = optimoptions ('fminunc', 'Algorithm', 'quasi-newton',

'MaxFunEvals',300«xMM"2, 'MaxIter', ...
600, 'TolFun',le-10, 'TolX'"',1e-10);

Qdiff = Q; % Initialise the inter—-iteration error

Qdiffv = Qdiff(:); % Turn Q-array into list

maxQdiff = sqgrt (max(Qdiffv."2)); % maximal value of Q-array
k = 1 % Start counter of minimisation iterations

while maxQdiff >= le-5 % Keep iterating the minimisation protocol
% until the desired error-bound is reached.

tic

[Cmin,Fval] = fminunc (Func,CC,options) % Perform minimisation
toc % starting from CC

CC = Cmin; % Update the component matrix CC

Qtally (1:NN+1,1:NN+1,k) = polycheb (NN,MM,CC); % Build QO from CC
Qdiff = Qtally(:,:,k) - Q; % Calculate new error

Qdiffv = Qdiff(:);

maxQdiff = sqgrt (max(Qdiffv."2))

Q = Qtally(:,:,k);

k = k+1 $ Increment counter
end

% Plotting

[xxx,yyy] = meshgrid(l:-.04:-1,1:-.04:-1); % Grid for plotting

QQ = interp2(xg,xg',Q,xxx,yyy, 'spline'); % Interpolate Q over grid
figure(l), clf, mesh(xxx,yyy,Q0), colormap ([0 O 0]) % Plot Q
xlabel x, ylabel y, zlabel g

QQerr = interp2(xg,xg',Qdiff,xxx,yyy, 'spline'); Interpolate the
error in Q

figure(2), clf, mesh(xxx,yyy,QQerr), colormap ([0 0 0]) % Plot error
xlabel x, ylabel y, zlabel g _error

)
°
)

©°
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function [FF] = FunctGener (NN,MM, nn,k0, kk,Q0,CM)

QQ = polycheb (NN,MM,CM); % calculate input potential from its
% Chebyshev expansion
[DD, xx] = cheb (NN); % Chebyshev differentiation matrix and points
Dx = kron(eye(NN+1),DD); % dee-by-dee-x
Dy kron (DD, eye (NN+1)); % dee-by-dee-y
D2 = DD"2; % second-order derivative
D2x = kron(eye (NN+1),D2); % dee-two-by-dee-x-squared
D2y kron(D2,eye (NN+1)); % dee-two-by-dee-y-squared
LL = D2x+D2y; % Laplacian

QQg = QQ'; % transpose potential on grid, for correct listed order
QQOv = QQg(:); % list potential points

[UWM, DUWM] DtoN (NN, nn,k0,Q0); % calculate the Dir.-to-Neu. operatoy
% for j = l:nn
FF = 0; % initialise the functional wvalue
for 3 = 1l:nn
UU = SchrDSol (NN, j,QQ, kk) ;

[xg,DNPhig] = meshgrid(xx,DUWM(:, J));
Vp = 0.25x((xg-1)."2.+«DNPhiq) ;
Vg = Vp';

Vv = Vg (:);
Fv (LL-diag (QQv) ) xVv;
Fg = reshape (Fv,NN+1,NN+1) ';

Fg = Fg(2:NN, 1:NN+1)';
Fg([1l,NN+1],:) = zeros(2,NN-1);
Fv = Fg(:);

SS = SchrN (NN, QQ, kk) ;

vv = SS\Fv;

vg = reshape(vv,NN+1,NN-1)"';
Vh = zeros (NN+1,NN+1) ;

Vh(2:NN, :) = vg;
VV = Vh + Vp;
UV = (UU - VV)';
Uvv = UV (:);
DUV2v = (Dx*UVv). 2 + (DyxUVv)."2;
DUV2g = reshape (DUV2v,NN+1,NN+1) ';

Fg = Q0Q.* (UU-VV). 2 + DUV2g;
for 1 = 1:NN+1
Fxsec (i) = trapcheb (NN,Fg(:,1));
end
FF = FF + trapcheb (NN, Fxsec);
end
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function [UU,Phi] = SchrDSol (NN, nn, QQ, kk)

%$Chebyshev grid and spectral differentiation matrix

[DD, xx] = cheb (NN) ; %$Cheb. lst-order diff. matrix,
$x—axis interpol. pts.

%$Schrodinger operator

[xg,yvg] = meshgrid(xx,xx);

5 Q0 = vg;

SS = SchrD (NN, QQ, kk) ;

%$Inhomogeneity

[ff,up,Phi] = inhomgen (NN, nn,QQ,0); %$builds PDE inhom. f from g, phi
fg = f£f(2:NN,1:NN)"'; Signore N, W and S edges

fg(l,:) = zeros (1,NN-1); %$ignore E edge

fv = fg(:); $convert to list

%$Solving the PDE

18 uv = SS\fv; %$solve inh. PDE with hom. b.c.d
19 ug = reshape (uv,NN,NN-1) '; %convert vector soln into grid
20 uu = zeros (NN+1,NN+1);

21 uu(2:NN, 1:NN) = ug; $embed ug into full grid
2 UU = uu + up; %add b.c. inhom.

1 function [UWM,DUWM] = DtoN (NN, nn,k0,Q0)

2

3 [DD,xx] = cheb (NN);

4 xg = meshgrid(xx, xx);

5 Dx = kron(eye (NN+1),DD);

6 UWM = zeros (NN+1,nn);

7 DUWM = zeros (NN+1,nn);

8 for 7 = l:nn

9 Ug = SchrDSol (NN, j,Q0,k0)"';

10 UWM(:,3) = Ug(NN+1,:)"';

11 Uv = Ug(:);

12 DUv = Dxx*Uv;

13 DUg = reshape (DUv,NN+1,NN+1)"';

14 DUWM(:,J) = -DUg(:,NN+1);

15 end

16 end
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PR\
1 function [S] = SchrD (N, Q, k)
2
3 D = cheb (N) ;
4 IN = eye(N);
5 el = IN(1,:);
6 INdoc = IN - diag(el);
7
s D2 = D"2; %Full (N+1)x(N+1) Laplacian matrix
9 D2y = D2(2:N,2:N); S%Sy-version with hom. Dir. BC at N&S
10 RBC = D(1,1:N)-k+xIN(1,1:N); %Robin BC at E
11 D2x = D2(1:N,1:N); %x-version with hom. Dir. BC at W, no BC at H
12 D2x(1l,:) = RBC; %Replace 1lst row with Rob. BC at E
13
14 L = kron (eye (N-1),D2x) +kron (D2y, INdoc); %Discrete Laplacian
15
16 Qg = Q(2:N,1:N); $Ignore N, W, S for potential
17 Qg(1l:N-1,1) = zeros(N-1,1); %S$Ignore E
18 Qg = Qg'; $Transpose for ordering
19 Qv = Qg (:); $List
20
21 S = -L + diag(Qv); % Final form of Schrodinger operator, a square
2 % matrix with edge-length (N-1)=xN
1 function [S] = SchrN (N, Q, k)
2
3 D = cheb (N) ;
4 IN1 = eye (N+1);
5 el = IN1(1,:);
6 INldoc = IN1l - diag(el) - diag(flip(el));
7
8 D2 = D"2; %Full (N+1)x(N+1l) Laplacian matrix
9 D2y = D2(2:N,2:N); %y-version with hom. Dir. b.c. at N&S
10 RBC = D(1,:)-k*xIN1(1l,:); %Robin b.c. at E
11 D2x = D2; %$x-version
12 D2x(end,:) = D(end, :); %Replace last row with hom. Neu. b.c. at W
13 D2x(1,:) = RBC; %Replace 1lst row with Rob. BC at E
14
15 L = kron(eye (N-1),D2x)+kron (D2y, INldoc); %$Discrete Laplacian
16
17 Qg = Q(2:N, :); $Ignore N, S for potential
18 Qg(l:N-1,1) = zeros(N-1,1); %Ignore E
19 Qg(l:N-1,end) = zeros(N-1,1); %$Ignore W
20 Qg Qg'; $Transpose for ordering
21 Qv Qg (:); $List
2
23 S = -L + diag(Qv); a square

% Final form of Schrodinger operator,
% matrix with edge-length (N-1)* (N+1)

N
=
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D. Numerical procedures

[Uolol)
1 function [F,Up,Phi] = inhomgen (N, n,Q,par)
2 %$Turns an inhomogeneous Dir. b.c. into an inhomogeneity, and produceg
3 %n-th y-direction e-fn, both for the following Schrodinger problem:
4 % [-1,1]72: -Delta u =0
5 % N&S: u(x,1) = 0 = u(x,-1)
6 % E: du(l,y)/dnu = u(l,y)
7 %5 W: du(-1,y)/dnu = 0.5xn*pixtanh (n*pi)*phi(y) = pn*phi (y)
8 %$They are evaluated, respectively, on 2D & 1D grids of Chebyshev pts
9 % (Trefethen, 2000).
10
11 $Inputs: N = #{Chebyshev interpolation points per edge} - 1
2 % n = enumeration of y-direction eigen-function
13 % Q = (N+1)x(N+1) grid of values of potential at Cheb. pts.
14
15 %Outputs: F = (N+1)x(N+1l) grid of values of the inhomogeneity
16 % Up = (N+1)x (N+1) grid of values of a particular solution to
7 % the b.c.s
18 % Phi = (N+1)-vector of values of the y-direction e-fn
19
20 %$Chebyshev grid and spectral differentiation matrix
21 [D,x] = cheb(N); %Cheb. diff. matrix, x—axis interp. ptg
2
23 $Eigen—-function: grid and list form
24 Phi = sin(nxpi*0.5x(x+1)); %Sy-direction e-fn.
5 [xg,Phig] = meshgrid(x,Phi); $builds x-grid-pts and e-fn grid-pts
26
27 Up = 0.25x(0.5+n*pi*tanh(nxpi)) "par*(xg-1)."2.xPhig; %Particular
28 % solution to b.c.s up = —-pn* (x—1) "2+Phi(y) /4
29 F = 0.5%x(0.5xn*pixtanh (n*xpi)) "par+Phig - 0.25xn"2xpi"2+Up - Q.x*Up;
30 %$Inhomogeneity f=(Lap—-Q) *up
1 function [Q] = polycheb(N,M,C)
2 % The function evaluates a linear combination of Chebyshev polys in
3 % two variables, with linear coeffs given by the array C, over an NxN
4 % grid of Chebyshev interpolation points. C must have edge lengths ng
5 % greater than N+1.
6 for i = 1:M
7 for j = 1:M
8 for k = 1:N+1
9 for 1 = 1:N+1

T S T S S S
= O 0 N N Ul ke W N = o

COSM(k,1,1,73) = C(i,J)*cos ((i-1)*(k=1)*pi/N)+*cos((j-1)=*(1-1)+*pi/N);
end
end
end
end
Q = zeros (N+1,N+1);
for 1 = 1:M
for 3
Q

1:M
Q + COSM(:,:,1i,73);

end
end
end

171



AR\

1 function [C] = polychebinv (N,M, Q)

2

3 % Q denotes the grid of values of a potential at the Chebyshev pointg
4 % on a two-dimensional, N+1xN+1 grid.

5 $ M < N+2 is the order of polynomial approximation to Q.

6 % C 1is the MxM array of coefficients in a Chebyshev approxn to Q.
7 %N+1 is the number of Chebyshev points to an edge.

8 [D,x] = cheb(N); %$x 1s the vector consisting in these points.
9 for k = 1:N+1

10 Cpar(l,k) = 0.5xonedwghtint (N,1,0(k,:)");

11 for j = 2:M

12 Cpar (j,k) = onedwghtint (N, J,Q(k,:)");

13 end

14 end

15 for j = 1:M

16 C(l,j) = 0.5%«onedwghtint (N,1,Cpar(j,:));

17 for i = 2:M

18 C(i, j) = onedwghtint (N,i,Cpar(j,:));

19 end

20 end

1 function [I] = trapcheb (N, f)

2 % A simple trapezoidal quadrature rule
3 [D,x] = cheb(N);

4 for i = 1:N

5 S(i) = (x(1)-x(1+1))*(£(1)+f(i+1));
6 end

7 I = 0.5xsum(s);

8 end

1 function [D,x] = cheb (N)

2 % Computes Chebyshev differentiation matrix D and Chebyshev
3 % interpolation points x

4 if N==0, D=0;

5 x=1;

6 return,

7 end

8 X = cos(pi*(0:N)*(N"(=1)))";

9 ¢ = [2; ones(N-1,1); 2].*(=1).7(0:N)"';
10 X = repmat (x,1,N+1);

11 dX = X-X';

12 D= (cx(l./c)") ./ (dX+ (eye (N+1)));

i
w

D =D - diag(sum(D"));
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