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Summary

The purpose of this thesis is to investigate how the stability of an inverse bound-
ary value problem depends on the frequency of the underlying partial differential
equations model.

The thesis consists of an introduction to the inverse boundary value problem
of the Helmholtz equation with a potential followed by an investigation of the
linearised problem and the stability hereof. The main work is a detailed study
of the proofs in [9] and how the result translates when considering the Dirichlét-
to-Neumann map. We establish a stability estimate for a general frequency
and conclude that the stability increases with frequency. Furthermore, for a
particular problem investigation of the optimality of the estimate is performed
and it is concluded that a sharper estimate holds in this particular case.






Preface

This thesis was prepared at the department of Applied Mathematics and Com-
puter Science at the Technical University of Denmark in fulfilment of the re-
quirements for acquiring a M.Sc. in Mathematical Modelling and Computing. It
represents the completion of my honors master program at DTU and the work-
load corresponds to 30 ECTS points. The thesis was conducted in the spring
semester of 2014 under the supervision of Associate Professor Kim Knudsen.

Primarily the thesis examines the relationship between the stability of an inverse
boundary value problem for the Helmholtz equation with a potential and the
frequency of the problem. The main result is based on the article [9] by Isakov,
Nagasayu and Wang. It furthermore treats the subjects of linearisation of the
inverse problem and investigation of the optimality of the stability estimate
derived in a particular setting.

The prerequisites for reading this thesis is a basic understanding of the theory
of partial differential equations, functional analysis and the concept of weak so-
lutions of second order elliptic partial differential equations including familiarity
with Sobolev spaces. Appendix A includes some useful definitions and results
regarding Sobolev spaces used in the thesis.
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June, 2014
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CHAPTER 1

Introduction and motivation

The study of inverse boundary value problems is the branch of applied math-
ematics, that arise from the need to find information about quantities in the
interior of a domain from measurements made at the boundary. A classic exam-
ple is the Calderén problem, also known as the inverse conductivity problem.
Calderon asked the question, if it is possible to determine the electrical con-
ductivity in a body from measurements of the relationship between voltage and
current at the boundary of the body. The inverse conductivity problem turns
out to be a non-linear problem. Linear inverse problems are in many ways alike
and can be described using singular value expansion, see for example [10]. Non-
linear inverse problems on the other hand are almost all unique and must be
investigated separately. A good starting point, when investigating a non-linear
problem is to linearise the problem around an educated guess and use the meth-
ods of linear inverse problems. However, if the problem is in some sense very
non-linear and a good guess is not available, there is no way to be sure that the
conclusions from the linearisation will give any useful information.

In general many inverse problems are known to be have poor stability, meaning
they are very sensitive to measurements errors. Put in another way, poor sta-
bility means that two sets of boundary data close to each other can give rise to
two very different solutions. The inverse conductivity problem is known to have
very poor stability.



2 Introduction and motivation

We will use the inverse conductivity problem as a motivation to a wider range
of problems, where a parameter k is added. The conductivity equation will
correspond to the case of zero k.

The main goal of this thesis is to investigate how the stability of a non-linear
inverse boundary value problem depends on the frequency of the underlying
partial differential equations model in the case of the Helmholtz equation with
a potential by use of [9]. As a starting point we wish to examine the linearised
problem and the stability hereof. Also when a stability estimate is derived for a
general frequency, the question of optimality in some sense is interesting to ask
and examine for specific problems.

In section 1.1 the inverse conductivity problem is defined and the non-linearity
of the problem observed. Section 1.2 transforms the problem into an inverse
boundary value problem for the Schrodinger equation and defines an inverse
problem in this setting. In section 1.3 the parameter k is finally introduced and
the inverse boundary value problem, which is the root of the discussion of the
rest of this work, is defined.

We will throughout this report work on a bounded subset of R™ denoted (2
with smooth boundary 02 and assume that all functions are real-valued, unless
otherwise stated. Also note the notation used in the proofs of stability estimates,
where a general constant denotes different constants depending on the same
quantities.

1.1 The inverse conductivity problem

Consider the elliptic partial differential equation called the conductivity equa-
tion

V- (o(z)Vu(z)) =0 in Q, (1.1)

where ) € R" is a bounded domain with smooth boundary. The equation
describes the propagation of electromagnetic fields or waves in a body. (1.1)
can be derived from Maxwell’s equations, see for example [14]. u is the electric
potential and o the conductivity inside the body 2. We assume that ¢ = 1 in
a neighbourhood of the boundary 0f2.

The inverse conductivity problem is also called electrical impedance tomogra-
phy (EIT). It is defined and investigated in for example [14] and the definitions
here follow this book. As mentioned, the inverse conductivity problem is the
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problem of determining the conductivity ¢ inside a body from electrical bound-
ary measurements. The measurements in EIT can be performed by applying a
voltage distribution through a set of electrodes on the boundary of the body and
then measuring the corresponding current distribution at the boundary. The
mapping of voltage to current is called the Dirichlét-to-Neumann map, since
the voltage at the boundary is the Dirichlét data and the current is the natural
Neumann data of the problem. The inverse problem of EIT is non-linear and the
conductivity does not depend continuously on the data as shown by an example
in [14], meaning that the problem lacks stability and is ill-posed.

Now the weak formulation of the problem (1.1) is

0= / V- (o(x)Vu(z)) ¢ de = 7/ o(z)Vu(z) - V¢ dx
Q Q
for any test function ¢ € C°(Q).

For (1.1) to be a second order elliptic partial differential equation, there must
exist a constant # > 0 such that

n

Y o(@)bi&ls = (@) Y&k = a(@)[€]* = 0¢P?
i=1

i,j=1
for a.e. x € Q and for all £ € R™. This means that if we assume that
o> 0,

then (1.1) is an elliptic equation. We also assume that o € L™ ().

For the Dirichlét problem

V- (o(x)Vu(z)) =0 in (1.2)
u=f on 0,

to have a unique solution v € H*(Q), when f € H'/2(9Q) and o € L>®(Q), we
assume that zero is not an eigenvalue of (1.1) ([5] p. 323). It then holds that
lul 1) < Clflg1/2(00), Where C depends on o and € ([7] p. 183).

Now the current through the boundary is the normal derivative of the solution
multiplied with ¢ and can be defined as an element in H—/2(9Q). To do this
let us define the Dirichlét-to-Neumann map

Ay : HY2(0Q) — H-Y2(0Q), A, (u‘m)— Ou (1.3)

_0'8777

o0
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The map A, is the data of the inverse problem of EIT. To see that A,f €
H=Y2(99Q) for f € HY/?(99), define the dual pairing

(Asf,g) = /QUVU - Vegy dz, (1.4)

where u € H'(£2) solves (1.2) and e, € H'(Q) is an extension of g, 50 eg4|aq = g.
If A,f and g are elements of L?(92) this definition is identical to the inner
product on L?(9Q), since by subtracting zero in the sense of (1.1) and using
Green’s theorem gives

(Ao f,9) 1 0m = [ Aofods
o0

ou

= /BQ aa—n)aﬂeg‘aﬁ ds
ou

= o—e ds—/ VoVu)e, dx
~/BQ ang Q( )9

= / oVu-Vey dx.
Q

First note that (1.4) is independent of the choice of extension e,4. Let e/ and e
be two extensions of g to Q. Then ¢ = e} —e2 € Hj(Q) and since u is a weak
solution to (1.1) we find that

/OVu-Ve; dx — (/ UVU'V€§ dx) :/aVu-V¢dx
Q Q Q

= —/ VoVug dx
Q
= O7

so the definition (1.4) of A, f is independent of the choice of extension. To
see that is a linear bounded functional on H'Y/?(99), let o, € C, g1,92 €
H'Y2(0Q) and ey, , ey, be extensions of g; and gy respectively. This means that
(ceg, + Beg,) loa = agi + g2, so aey, + fey, is an extension of agr + Sg2 and
it holds that

(Ao f, g1 + Bg2) = / oVu -V (aey, + Begy,) dx
Q

= a/ oVu-Vey drx+ B [ oVu-Vey, dx
Q Q

= Oz<Agf7 g1> + ﬁ<Aofa 92>'
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Also

(Ao f, 90l s/ oV - Ve, | dz
Q

<ol pee ) IVl 20y IVegl 2(q)
< HU”Lm(Q) IVul 20 leg "Hl(Q)

<C ||UHL°°(Q) ||Vu||L2(Q) “g”H1/2(8Q) J

by Holder’s inequality and the assumption o € L% (). This means that A, is a
linear and bounded functional on H'/2(9Q), hence an element of the dual space
H~'/2(9Q) and the definition of the Dirichlét-to-Neumann map (1.3)-(1.4) is
well-defined.

Knowing the Dirichlét-to-Neumann map is equivalent to knowing the relation-
ship between the applied voltage and the measured current at the boundary and
is, as mentioned, the data for the inverse problem of EIT. The forward problem
of EIT can be described by the operator

A:o— A,

Even though we have just shown that the Dirichlét-to-Neumann map is a linear
and bounded operator the operator A is a non-linear operator. This can be seen
from the weak definition of the Dirichlét-to-Neumann map (1.4). The solution
u is a function of ¢ and in (1.4) Vu is multiplied with o, so the Dirichlét-to-
Neumann map is a non-linear function of o.

1.2 Transformation to Shrodinger’s equation

It is possible to transform the partial differential equation (1.1) into a time-
independent Schrodinger equation

(-A+¢q@u=0 in

where ¢ € L>°() is a function of o only. In general a partial differential equation
of this form is a type of wave equation that describes the wave function v in a
system with potential q.

The reduction to a Schriodinger equation is done since the primary part of the
Schrodinger equation is the Laplacian and this makes it easier to work with.
By doing this we will have moved the first order term acting on o to a second
order term acting on w and a zeroth order term ¢. It is necessarily to assume



6 Introduction and motivation

that o € C?(2) to perform this transformation. Define
AyJo(x)
o) = S

Vo(z)
Note that due to the positivity of 0 we can also write u = c7"/“v. By the
assumption o = 1 near the boundary, now means that ¢ = 0 near the boundary,
hence ¢ is compactly supported in Q. Plugging the above expression for v (or u)

into the conductivity equation (1.1) reduces it to a partial differential equation
for v.

0=V-(cVu)
=V (O’V(O’il/Qv))

and v(x) = /o(z)u(x). (1.5)

1/2

=V (;01/2 (Vo)v+ 01/2Vv)

= 30'73/2VO' -Vov — %O’il/z ((Ao)v+ Vo -Vu) + %0’71/2VU Vo + ot/?Av

= <i03/2VJ -Vo — 5071/2 (Ao)> v+o'?Av
=—-A (01/2) v+ o'/?Av,
since
A (01/2) =V. 1071/2VU = 71073/2VU Vo + 1cr71/2A0
2 4 2 '

Multiplying the above partial differential equation for v with —o—1/2

the Schrodinger equation

0= (A+A<Ul/2)>v(A+q)v.

then gives

o1/2
We then arrive at the Dirichlét boundary value problem for the Schrodinger
equation
(-A+qv=0 in Q (1.6)
v=g on 0.

Again we have a second order elliptic Dirichlét problem and if we assume that
zero is not an eigenvalue of (1.6) there exists a unique solution ([5]) and it holds
that |u] ;1) < Cl9lg1/2(90), where C' depends on g and Q ([7] p. 183).

Again we define the Dirichlét-to-Neumann map.

A, : HY2(0Q) — HY2(09), Aug= R
n
o
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where v and g satisfies (1.6). Note the notation here, where it is important to
know that Ay # A, for ¢ = 0. In the following it will be clear from the context
which definition is used. The dual pairing is defined by

(Aqg, h) = / Vv - Vey, + quey, dz,
Q

where e;, is any function in H'(Q) with eh‘é)Q = h. Again this boils down to

the L2?(0Q) inner product when A,g and h lies in L?(99) by similar arguments
as used for the conductivity equation. Also when ¢ € L°°(Q)) the Dirichlét-to-
Neumann map is a bounded map from H/2(9Q) — H~/2(9Q), independent
of the choice of extension e, and symmetric. See [18] Lemma 3.4 for proof
that is very similar to the one used for the conductivity equation. We will in
section 1.3 prove similar results for a problem, where this is a special case, so it
will be skipped here.

As mentioned the inverse problem of EIT has very poor stability and it is shown
(for example in [18] Theorem 4.2) that when the potential ¢ for I = 1,2 is
bounded as |g; ||Loo(Q) < M for some M > 0, it holds that

2
lgr = g2l 10y < Cllog ([Ag, = Agu DI, (1.7)

for small enough operator norm |Ag — Ag, ||H1/2(89)HH_1/2(89), where C' de-
pends on n, 2, M and supp(gs — ¢1). This means that we have logarithmic type
stability, which is a very poor kind of stability, since the function |log(x)|™®
for 0 < a < 1 grows exponentially for very small . It means that even a very
small change in A, can result in a relatively much larger change in ¢. Mandache
proved in [12] that for a general ¢, this logarithmic type of stability is optimal
in some sense, that is, it is not possible to get for example Hélder type stability
like |g1 — @2 gr-1(q) < C Mgy — Mgy |“ for a constant C' and for some a € (0,1).

1.3 Helmholtz equation with a potential

We will now introduce the parameter £ > 0 and consider the more general
boundary value problem defined by the Helmholtz equation with a potential ¢

(A+ Kk +q(z)u(z)=0 in QCR" (1.8)
u=f on 08,
where ¢ € L*°(£2) and Q C R" is a bounded set with smooth boundary 952 as

before. We are interested in the possible change of stability after adding the
parameter k? and how this change depends on the size of k.
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We can think of (1.8) as the propagation of acoustic waves in an inhomogeneous
body with wave number, or frequency, k. The case ¢ = 0 everywhere in €2 then
corresponds to a homogeneous body.

Like in the previous sections define the Dirichlét-to-Neumann map A, by

e ~1/2 _ Ou
Ay H/2(0Q) - H/2(09)), Agf = anloo’ (1.9
where u solves (1.8). Note again the notation. Here A, is not equivalent to A,
defined in the previous section if k& # 0. If we were to stay with the definition
from the previous section, we could write A, 42 here, but we will from now
on only consider the problem (1.8) and thus A, refers to (1.9) unless otherwise
clearly stated.

We again assume that zero is not an eigenvalue of (1.8), since then there exists
a unique solution v € H(Q) of (1.8) (|5]). If this is not the case the Dirichlét-
to-Neumann operator would not be well-defined, since there could exist more
than one solution wu.

The map (1.9) is well-defined and bounded by the following arguments. The
weak definition of the Dirichlét-to-Neumann map for f,g € HY/?(9Q) is

(Agf.g) = / Vu-Vey dr — / (k% + q)uegy dz, (1.10)
Q Q

where u solves (1.8) and e, € H'(Q) is any extension of g, that is e4]sq = g.

Like with the Schrédinger equation in the previous section, if Ayf and g are

elements in L?(9Q) the dual pairing of the two elements must coincide with the
L?(99Q)-inner product. This is true since

(Aqfag)j}(ag) :/ Aqf g ds
o0

ou
:/ — 69}89 ds
a0 On 20
0
:/ a—uegdsf/((A+k2+q)u)egdx
an on Q
Ou 9
= 6o ds — | Aueydx — [ (k* + q)uey dz
an o1 Q Q

ou / ou / / 9
= —e, ds — —egds+ | Vu-Ve, dx — k* + q)ue, dz
o0 O’ o0 On "’ Q ! Q( Juc

= / Vu-Vegy dz — / (k* + q)ue, du,
Q Q
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which is equivalent to (1.10).

Now let f € H'Y/2(0Q). As before we need to show that (1.10) is uniquely
defined, well-defined, linear and bounded to see that it defines an element of the
dual space H~1/2(99).

First, to show uniqueness, we need to show that (1.10) does not depend of the
particular choice of the extension e, of g. To do this, let e, and e be two
extensions of g in H'(Q2). Denote the element ¢ € H(2) by
12
b =e,— e,

Since u is a weak solution of (1.8) it holds that

0:/Q(A—l—kz—l—q)uqbdx:—/QVu-V¢dm+/Q(k:2—|—q)u¢dx,

so the difference of (1.10) when using two different extensions is

/ Vu- Ve, dr — / (k* + q)uey dz — </ Vu- Ve dx — / (k* + q)ue;, dx)
Q Q Q Q
:/Vu~V¢d:c—/(k2+q)u¢dacdx
Q Q
=0.
Hence (1.10) is independent of the choice of extension of g.

Second, let a,, B € C, g1, 92 € HY/?(0Q) and let e, , ey, be extensions of g; and
g2 respectively, so (aeg, + Beg,)|on = agi + fgo and

(Aof, (ags + Bgr)) = /Q Vu- V(aey, + fey,) de — /Q (K + q)u(aey, + Bey,) da
— a{Ayf.g1) + BIAL. 1),

(1.10) is well-defined (and hence bounded) since ¢ € L°°(f2) and by use of
Holder’s inequality it holds that

<Aqf7 g> =

/ Vu- Ve, dz — / (k* + q)uey dz
Q Q

< IVl Vel gy + (K + 1l sy ) Tl Beol oy
< (IVul 2o + (K2 + Mol o)) Tl ) ool oy

< L2(Q) 2 Lo (Q) L2(Q) H1/2(0Q) 5
< C([Vyl + (& + 4l Jul gl
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where C is a constant depending on k and 2. This means that Ay f(g) = (Aqf, 9)
is a bounded linear functional on H'/2(9Q), hence and element of H~1/2(99).
Also note that

180f1 < C (IVul a(oy + (K + lal (e ) el ooy )
< Cmax{1, K + lal oy} (190l ey + Il )
< Cmax{1, 2 + gl o o) V2 [l 11y

< Cpmax{1,k* + |\Q||Loo(sz)}\/§||f”m/z(ﬂ)
< Gk ||f||H1/2(Q) )

where C} depends on k and (2.
In conclusion (1.10) defines a dual pairing on (H~1/2(0Q), H'/%(99)) and

(A fs O < A flr-1/2(00) 190112000 - (1.11)

where
”Aqf”H*l/Z(aQ) < Cy Hf||H1/2(aQ) J (1.12)

so the Dirichlét-to-Neumann map A, : H'/2(9Q) — H~'/2(9Q) is well-defined
and bounded.

As mentioned (1.8) is the subject of the rest of this work. Let us define the
define the forward operator of our problem by

Aig— A, (1.13)

The inverse problem is then to determine the potential ¢ from knowledge of the
Dirichlét-to-Neumann operator (1.9), that is, our inverse operator is

At A, =g, (1.14)

where A, is defined weakly by (1.10). The stability of the inverse problem
depends on the choice of spaces. By now, it is assumed that ¢ € L, but we
will later on assume more regularity on ¢, namely that ¢ € H*(Q2) for some
non-negative integer s.

As it was the case with the inverse problem of EIT discussed in the section 1.1,
this problem is too non-linear by similar arguments. The solution u of (1.8)
depends on ¢ and the second integral in (1.10) contains a multiplication of u
and ¢, meaning that the Dirichlét-to-Neumann map A, is a non-linear function
of q.
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The stability estimate (1.7) tells us that in the case & = 0 this inverse problem
has logarithmic type stability, which is a very poor type of stability. The rest
of this work is dedicated to the investigation of how the stability of the inverse
problem behaves when k increases,, so we are looking to derive a stability es-
timate of the inverse problem (1.14) for a general k. This will be done mainly
based on the article [9] by Isakov, Nagayasu, Uhlmann and Wang. Furthermore,
it is interesting to numerically see how the operator norm |Ag4, — Ag, | behaves
with k for specific choices of ¢, g2 and €. This would give an indication of how
an optimal stability estimate looks, at least in the specific chosen case.

First, since our problem is non-linear a good starting point is to look into the
stability of the linearised problem. As mentioned, for this to give a good in-
dication of the real non-linear problem, a good starting guess of ¢ is needed.
Practically, this depends on the specific application of the problem.
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CHAPTER 2

L inearisation

In [2] Calderén considered the inverse conductivity problem. He assumes that
the conductivity is constant one plus a perturbation function, that is, 0 = 1+4.
He then linearises the problem around o = 1 and shows uniqueness of this
linearised problem, where the aim now is to find the perturbation function
0. Inspired by this and the demonstration of Calderén’s results in [14], this
chapter treats the linearisation of the inverse boundary value problem of the
Helmholtz equation with potential (1.14). Section 2.1 deals with finding the
Fréchet derivative and hence the linearisation. Furthermore, the question of
uniqueness of the linearised problem is examined.

As mentioned, a linearised version of non-linear inverse problem are often inves-
tigated, since it is an easier problem to deal with and it may give an indication
of how the non-linear problem behaves. In section 2.2 a stability estimate is de-
rived for the linearised problem. The derivation is build on the article [9], but is
simplified greatly since this article deals with the non-linear problem. The proof
will also serve as a way to understand where the difficulties arise in chapter 3,
where the stability of the non-linear problem is investigated based on the same
article. A discussion of the assumption on the dimension is also included here.



14 Linearisation

2.1 Fréchet derivative

Recall the non-linear forward problem (1.13)
A:g—= Ay

where A, : HY/2(0Q) — H~'/2(0Q) is the Dirichlét-to-Neumann map defined
weakly by (1.10). Inspired by Calderén we will linearise around ¢ = 0, since
q = 0 in the zero frequency case corresponds to ¢ = 1 in the conductivity
equation.

DEFINITION 2.1 The Fréchet derivative of F': U C By — By, where By, By
are Banach spaces, is the linear and bounded map dF : By — By satisfying

|F(u+ h) — F(u) — dF(h)

H
—0 as h—0. (2.1)
|7

Note that an equivalent way of writing Definition 2.1 is
F(u+h) = F(h) +dFh+ o(|h]), (2.2)

since F'(u+ h) — F(u) — dFh € o(|h|) means exactly (2.1).

Using this definition means that the Fréchet derivative of the weak definition of
A satisfies

(Mlalf.5) = (A0 g) + (an| _ fals.a) + ollaD

where f is the boundary function of the problem (1.8) and g of (2.6) below.
Rearranging gives

(8 = Ao} £.0) = (4| _ [alf.q) +oflal), 2.3

Now our candidate to the Fréchet derivative can be described using the dual
pairing

(] Jdsa) = [ avav i (2.4

where ug and v satisfy the linearised boundary value problems

(A+k)ug=0 in Q (2.5)
up=f on 01,
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and
(A+kHv=0 in Q (2.6)
v=g on 0.

We write the potential is zero plus a perturbation function J, that is,
qg=0+4.

We now wish to show that (2.4) is in fact the Fréchet derivative, in the sense of
(2.1). The proof below is inspired by [14].

Let f,g € HY/2(0Q), u satisfy (1.8) and v satisfy (2.6). Then

<(Aq —No)f.g) = <Aqf, g) — (f, Aog) = /Q(q — 0)uv dx = /Q(Suv dx.

Write u = ug + @, where uq satisfies (2.5). This means that @ € H}(Q) and
satisfies

(A+K? 4+ )i = (A + E* + q)up = (¢ — 0)ug = dug in Q.
Plugging u = ug + @ into the expression for ((A, — Ag)f, g) above gives

((Ag—Ao)f,9) = /Qéuov dx + /Q ot de.

The first integral is exactly our candidate for the Fréchet derivative (2.4), so
to show that it satisfies (2.3), we must show that the second integral is o(||d]),
meaning that

dtv dx

Since @ € Hg () solves the second order elliptic partial differential equation
derived above we have ([7] p. 183)
||"~‘||H1(Q) <C ”(SUOHHl(Q) <C ”(SHLOO(Q) ||U0”H1(Q) <C ”(SHLOO(Q) ||f||H1/2(aQ) )

where C' is a constant depending on k,q and 2. Using this and Holder’s in-
equality gives the desired result

| [q 000 da| 6] pee ) 1@l 120y 1V 2(q)
ol — 191
< ”5”[,00((1) C ”5||Loo(9) ”fHHl/z(aQ) ||U”H1(Q)
- o]

S Clol ooy 11172000 191 172000
—0 as d—0,
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so (2.4)

<dA‘Q=O[Q]f79> = /Qquov da,

is the Fréchet derivative. Let us check that this in fact is an element of H~1/2(9Q)
and see how the operator norm is bounded.

‘<dA‘q:0[q}f,g>' - ’/Qquov dz

<l Lo @) luol L2y 10l L2 (0

<l poe @) luol g o) 10110
< Crlal Lo () 1 1 mr1r200) 190 172 002 (2.8)
where C} depends on k and 2. This means that
HdA\ 1 fH < lal o 0y Il 2oy < C lal oy 1L/ oy
a=0 H/2(0Q)—H~1/2(9Q)

for all f, so the operator is bounded by

HdA [q]H < Cildlpe i - (2.9)

=0 || g1/2(0Q) > H-1/2(8Q)

In conclusion, we can compare the linearised and non-linear problems. If we
think of the non-linear inverse problem as given

(Ag— Ao) fog) = / qu dz,

find ¢q. The linearised inverse problem is then, given

<dA‘q_0[tJ]f,g> = /QquOv dz,

Before continuing with the stability of the linearised inverse problem, let us
consider the question of uniqueness. This is again build on [14]. To do this
note that writing up = w1, f = f1 and v = ug, g = fo (2.5) and (2.6) can be
combined as

find q.

(A+E)u(z) =0 in Q (2.10)
w = f; in 09,
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for [ = 1,2. There are solutions wu; of then form
w(x) = %, (2.11)
where ¢ € R” and £ - € = k2. To see this we plug (2.11) into (2.10)
(A +E?)e ™ = (i€) - (i€)e™ ™ + k?e™® = (—k* + k?) " = 0.
Note that the requirement 2 = k2 is equivalent to

|Re(6)|? = K> + [Im(&)]*> and Re(&) - Im(€) = 0. (2.12)

Now let & = wa & in3, where o, § € R™ satisfies (2.12), that is,
& =ma+infB, & =ma—inf.

Injectivity of the linearised problem then follows from assuming that
0= / quius dz = / qeiﬂ(a+iﬁ)~xeiw(a—i[3)~x dr = / q627ria~ac dz,
Q Q Q

since this means that the Fourier transform of the zero extension of ¢ to R™ is
zero for all a. Hence ¢ = 0 in  and we can conclude that the inverse problem
is unique.

2.2 Stability

We now wish to investigate the stability of the inverse linearised problem, where
(2.4) represents the data and the goal is to find ¢. We are looking to find a
function ®, such that for two potentials ¢1, g2 we have a bound

o el < @ (0] _ ol - | _ ).

Now since the problem is linear, when ¢; and ¢ are solutions to the inverse
problem, so is ¢; — ¢2. This means that the above is equivalent to

ol < @ (] _ ).

This can be seen as an estimate of the inverse operator and the boundedness
hereof. If a problem is stable ¢ depends continuously on dAl4—=o[¢]. Put in
another way, if two sets of data are close the corresponding two solutions will
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also be close. A third way of thinking, is if the noise or error of the data is
small, the corresponding solution will be close to the true solution.

To derive a stability estimate of the linearised problem, we first need to find
a bound on the Fourier transform of the zero extension of ¢q. Note that in the
following C' stands for a general constant depending on n, s, 2, M and supp(q; —
g2). C can appear more that once in an equation without necessarily being the
same constant. If specific constants are needed it will be clear from the notation.

THEOREM 2.1 Letn > 3 and let dA|y,=o[qi] be given by (2.4) for 1 =1,2. Let
s > n/2 be an integer and assume that ¢ € H*(Q)) has compact support in €.
Denote the zero extension of g1 —qz2 from Q to R™ by G. Then forr >0, n € R™,

Inl =1, k> + a2 > = and for k > 1 it holds that

[ Fq(rn)| < Ck%e™®

dA’ [q] H ;
a=0" || g1/2(0Q)— H-1/2(0Q)

where C depends only on Q and n.

Proor. Let C be a general constant depending only on n and 2. We will use
the complex exponential solutions (2.11) with & and & chosen such that

[Re(6)]* = k> + [Im(€)|? (2.13a)
0 = Re(&) - Im(§), (2.13b)
and
SL+&=—ry

since then it holds for u; = €**'* and us = €*2'* are solutions, but also
g = e~ (2.14)

This will be useful later, when computing the Fourier transform. These require-
ments means that &1, &> must be chosen such that

Re(&) = —rn— Re(&1) and Im(&) = —Im(&) (2.15)

and (2.13) hold. Let r > 0, n € R™ such that || = 1. Choose n* and ¢ € R"
such that they are orthogonal to each other and to 7, that is,

and such that they have lengths

It =1 and |¢]=a. (2.17)
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Define

__r 22 TR
51_—5174— k2 +a -7 +i¢ (2.18a)
2
b= -In- \/m# e (2.18h)

Let us now first check that the assumptions (2.13a) and (2.13b) holds.

2
2 r 2 2 r2 iR
|Re(§)]° = —577i k*+a -7

2 2
:%Jrszrazi%szraz

=k + [ Im(&)?

Re(¢) - Im(¢) = (—;ni \/ k2 +a? — inl> -(£¢) =0.

Finally it holds that

and

i(&1 + &) = —irn. (2.19)

This means that when given &, r and 7 satisfying the assumptions given on them
in the theorem, we can choose n* and then ( in a way such that a® > % — k2.
Note that this is only possible, since we are in dimension n > 3, due to the
fact that we split the real part of £ into two orthogonal parts, which are also
orthogonal to the imaginary part. This is only possible if there are at least three
dimensions.

Lastly note that

2
|§l|2=|—;Tli\/a2+k2—2%iiC
Y AN -y > r2 - r 2 4 2 r? ;

=|—3n a? + —Zan:tzC . —577:I: a? + —Zan:FzC

2 2
= 4R -
=2a® + k.

2
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By (2.8), the relation (2.14) and since § is the zero extension of ¢ the following
holds for uy,us satisfying (2.5) and (2.6) respectively.

| Fg(rn)| = (2m)~ /2 / qe” T dg

= (2m) /2 /qulug dx
Q

— 2 (] _ldn. £ )|

< ey _ld] TR VX
=0l g1/2(00)— H-1/2(6)

This means that we have to bound | fi]1/2(p) for I =1,2. Now

1l 17200y = Twloal gizo0) < Clul g q) -

Now choose R > 0 large enough such that Q C By(R). This means that we have
the estimate

ci(Re(&)+ilm(&)) = < el¢el < eaR)

()] = [e'*?| =

< ‘e—lm(&)'ﬂf

SO

1/2
lwill 20y = </ Juy(z) | dﬂf) < |QY/2eak,
Q

Using this also means that

IV HL2(Q) = [i&w HL2(Q) = |&| Hul||L2(Q) < |Q|1/2|'fl|eaR
= O(2a% + k)Y %R < Oke©,

since there exists a C such that ae®?® < eCaR, Combining these two bounds
gives

1fil 1200 < € lul g g

1/2
2 2
= C (lulz@) + IVuiliz(q)

<C (62aR i k,2e2aR)1/2
<C (k,262aR 4 k2€2aR)1/2

< CkeR,
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This means that we have the estimate

|Fq(rn)| < Ck*eC®

| _ la)

H1/2(0Q)— H—1/2(99)

as desired. O

We can now prove the main result of this section.

THEOREM 2.2 Let n > 3 and let dA|y,=o[q] be given by (2.4) for | = 1,2.
Let s > T be an integer and assume q € H*(Q) has compact support. Denote
the zero extension of q1 — qo from Q to R™ by q. Then for k > 1 the following
stability estimate holds

@ ey < CF?

ar| [‘”H | (2.20)
a=0" "l g1/2(90)— H-1/2(09)

where C' depends only on n,s and €.

PRroor. Now let C be a general constant depending only on n, s, and 2. Write
v € R™ in polar coordinates, v = rn, where r > 0 and 7 lies on the unit sphere
in R™. That means that n € S"~! and letting A(n — 1) be the area of S(n — 1),
An-1) = %, the area of a sphere of radius 7 is A(n — 1)r"~!. This means
we have the change of variables

T n/2
dy = (I‘2(71)/2) r 1 dr dn. (2.21)

Now changing to these polar coordinates in R™ gives the following estimate for
the zero extension of ¢ — q1
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1/2
il-rery = ([ 11+ BEIFTO)P )
( ) 1/2
- / [ weEge "1 dr dy
St T(n/2 >
1/2
c(/ [ e 1drdn)
(n—1)
S C / / |1—|—T‘2‘75Tn71
0 S(n—1)
2 1/2
| Ck2eC ||dA [q]H dr dn
a=0"" |l g1/2(90)— H-1/2(090)
= Ck? | dA [q]’
=0l g1/2(00)»H-1/2(89)

- 1/2
. / / 11+ 72| 5rm~Le2C qr dn.
0 S(n—1)

Note that there is no assumptions on a = |[Im(&;)| except for the relationship
it must have the Re(&). This means that no matter how we choose a we can
construct x;, [ = 1,2 so Theorem 2.1 holds for any a. This means that we can
pick a to be any number independent of r (this is not going to be the case in
the non-linear case). Using this means that

ldl - o) < CK

dA’ H
H/2(8Q)— H-1/2(8Q)

- 1/2
. / / |1+ 72| 7%e2Cn=t dr dn.
0 S(n—1)

= Ck%e||dA

q=0 HH1/2(6(2)%H1/2(89)

- 1/2
. / / 11+ 7275 dr dn.
0 S(n—1)

[q] H ;

H1/2(00)— H-1/2(09)

< Ck? ||dA

q=0
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since s > n/2 implies that
o0 oo
/ |1+ 72| spnt dr</ (1+7)" 21 +r)"tdr
0 0
=/ (1 +47)"25tn=1 gy
0

T n—2s (L4720 2 dr

1
n — 2s

—C (2.22)

and we can pick any positive value of a, so e“* < C.

The stability estimate in Theorem 2.2 shows that the linear inverse problem has
a Lipschitz type stability. This means that the inverse operator

Az c (HY2(09) » HTV2(09)) - B (R™)

is bounded with operator norm HAE1 H < Ck2. If noise or error € were added to

the exact data dA|  [g] we would get a solution bounded as
=0
’ A_

For a fixed frequency k, this means that the noisy solution converges towards the
true solution when the noise |€| goes to zero with a rate of Ck?. This is much
better stability, than for example the logarithmic type observed in section 1.2
and a stable problem in the sense of Hadamard.

aa] e+ e) | = a1+ lagtel < a+ e el

As mentioned, the linearised problem can give us an intuition of how the non-
linear problem behaves if we linearise around a good guess in some sense. In
general, looking at the Helmholtz equation with potential (A + ¢ + k*)u = 0
for a fixed potential it seems reasonable that ¢ = 0 is more likely to be a good
choice when k is large. When k is small ¢ dominates the term ¢ + k2, but when
k increases a fixed g becomes less important. This way of thinking indicates
that the stability result obtained in Theorem 2.2 may be a better estimate for
the non-linear case when k is large compared to small k. Of course this is only
a supposition and to justify it a thorough investigation of the linearisation error
and its frequency dependence should be performed.
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Note that in Theorem 2.1 we could have relaxed the assumption n > 3 ton > 2,
by simply setting n* = 0 in the construction of &; and &. This would mean
that [Im(£)| would be dependent of r and must satisfy |Im(&)|> = % — k2 (so
we must also require 2k < r), but this is not a problem in this linear case, since
we have no assumptions on |[Im(§)| to gain existence of the solutions of the
form (2.11). However, this is not going to be the case in the non-linear problem
as will be seen in chapter 3, since we here need |Im(§)| to be big enough to
have existence of so called complex geometric optics solutions. If |Im(§)| was
a function of r in the non-linear case, we would only be able to estimate the
Fourier Transform of ¢ for low Fourier frequencies r. The reason for this will
be clear in chapter 3. If we wanted an estimate for the low-frequencies only, it
would be possible to stay in 2 dimensions.

However, the reason for keeping the assumption that n > 3 in the linear case
here, is the use of |[Im(§)| being independent of r in the proof of Theorem 2.2.

In two dimensions [Im(&)| = % — k? and we would get a divergent integral in
the estimate of |G| -. )

ldl -0y < Ce™ MK

ol

H1/2(0Q)— H~1/2(99)

- 1/2
. / / 11+ 7“2|_secr27‘"_1 dr dn. .
0 S(n—1)

The exponential part ¢©" dominates the polynomial part (1+72)~%r"~1 hence
the integral diverges. This illustrates that if we were looking for an estimate for
the low Fourier frequencies only, that is for r < T, we would get a finite integral
instead and a stability estimate could be derived. In [2] Calder6n discussed the
stability of the linearised version of the conductivity equation (1.1) in dimension
n > 2. Here the idea is to estimate ¢ * ¢, where F¢ € C§°(R") is a cut-off
function, so it has compact support in R"

supp Fo(rn) ={rn[0<r <T})
and it holds that

0< Fop(rn) <1 and Fn(rn) =1 near supp Fo(rn).
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Then

0o 1/2
||¢*6||H*S(Q) =C (/0 /S( ) |1 +T2|7S|}—(¢* cj)(rn)|2r"*1 dr dn)

- 1/2
c ( [ ez Piza et ar dn)
0 S(n—1)

- 1/2
c([ [ et taa)
0o Jsmn-1)

by use of the properties of F¢(rn). An estimate of the Fourier transform could

dA|  [q]

q=0

IN

then be used to find a bound of |¢ * q||H,S(Q) by

H/2(80)—H-1/2(5Q)
without arriving at a divergent integral. Note that the constant C' here also

depends on the support of F¢. In general considering all r, if the Fourier coeffi-
cients for ¢ are equal or close to zero for large frequencies this seems reasonable
as a good estimate, but in general we cannot use an estimate for only the low
frequencies and this is the reason we assume n > 3 in Theorem 2.2.
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CHAPTER 3

Increasing Stability

We will now move on to the main focus of this work, the stability of the non-
linear inverse boundary value problem (1.14) of the Helmholtz equation with a
potential. The result from the investigation of the linearised problem in chap-
ter 2 suggests that we might expect Lipschitz type stability when k increases.
To see if this is really the case we will start out in section 3.1 by introducing the
concept of complex geometric optics solutions, which is an essential tool in the
derivation of an stability estimate. In section 3.2 useful and important results
are derived. In particular an identity involving the difference of two potentials
will prove crucial in the discussion of type of stability. Furthermore, uniqueness
of the inverse problem is proved using CGO solutions and similar arguments
as in the linearised case. The results from section 3.1 and section 3.2 are used
in section 3.3 to derive a bound on the Fourier transform of the difference of
potentials following the same procedure as in section 2.2. It will here be clear,
where the difficulties arise in the non-linear case compared to the linear. The
last section 3.4 then finally gives a detailed proof of the type of stability we can
expect of the non-linear inverse problem.
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3.1 Complex Geometric Optics Solutions

Consider the Helmholtz equation (1.8). We are looking for solutions called
complex geometric optics (CGO) solutions. They have the form

u=e%"(14+19), (3.1)

where £ € C" satisfies £-& = k? like in the linear case, but now the perturbation
function v is added. A way of thinking of CGO solutions is that the complex
exponential €% is almost in the kernel of (1.8), but since the Laplace operator
is perturbed with k2 + ¢ the complex exponential is also perturbed with .

The procedure to show existence of solutions (3.1) is to derive a partial differ-
ential equation for the perturbation function ¥ and show existence of a solution
to this problem. Plugging (3.1) into the partial differential equation (1.8) gives
an equation for the perturbation function .

0=(A+k+q)e* (1 + )
= A (7L +9)) + (B +q)e* (1 + )
=V (i€ (1+ ) + e“ V) + (k2 + q)e“ (1 + )
= =T (1+9) + 2™ VY + T AY + (K2 + q)e " (1+ )
= 2i£e VY + e TAY + +qe T (1 + 1))

The reason for chosen ¢ such that €2 = k2 is now clear. Multiplying with e~
gives

(A +2i6 -V +q(z)) v = —q(x). (3.2)

This means that if we can show that there exists a solution ¥ € H*(2) to (3.2),
we have shown that there exists a solution of the form (3.1) in H*(Q) to the
problem (1.8).

Sylvester and Uhlmann showed existence and uniqueness of a solution to (1.1)
in R™ of the form (3.1) in [20]. In this section we will show existence of CGO
solutions of the Helmholtz equation with a potential (1.8). The proofs are build
on [8] and [18], which are works that among other things discuss part of the
result in [20]. Here existence of CGO solutions of the Schrédinger equation
(1.6) is shown and an estimate of ¢ in L?(Q) is given. We will here generalize
these results to solutions of the Helmholtz equation with a potential (1.8) and
also derive a bound of ¥ in H*(Q).

Let us first consider the case where ¢ = 0 on the left-hand side of (3.2) and call
this the case of zero potential. Also denote the right-hand side by f, so we get
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the partial differential equation

(A +2i6 - V) = f. (3.3)

As mentioned Sylvester and Uhlmann considered the case € = R™ in [20]. This
case gives a good indication of where the problem of the proof lies since the
Fourier transform is defined and Fourier transforming derivatives turns into
multiplication.
Ff(m) = (F(A+2iE-V) ) (m)
— F(A) (m) + 26 - F (iV0) (m)
= —(Im|* + 26 - m) Fp(m).

Considering the formal case where |m|? + 2¢ - m # 0 this means that

Ff(m)
= — . .4
Fom) = ~ o (34)
We would then get a solution
—(A492i.- V) Lf=F1|_ f(m)
where
_ 2|5 2 _ 1+ |m|?° 2
ey = [ I+ lmPE1F )R dm = [ R ) .

If we could then find a lower bound of ||m|? + 2¢ - m|? greater than zero and
independent of m we would be able to bound [¢|z.gn) by | f[gegn)- The

problem here is that for a given ¢ there are m that give rise to zeros of ||m|? +
2¢ -m|?, so it is not always well-defined to write (3.4).

However, 2 # R™ so let us now come back to the case where  C R" is a
bounded domain, where the Fourier transform is not defined.

THEOREM 3.1 Let s > 0 be an integer. Assume that § € C™ satisfies |[Im(§)| >
€ for some € > 0 and

[Re(&)]? = ¥ + |Im(©)P  and  Re(¢) - Im(¢) =0,

since this is equivalent to & - &€ = k2. Then there exists a constant Cy depending
only on Q such that for any f € H*(Q) with compact support in Q (3.3) has a
solution ¢ € H*(Q) satisfying

C
1] 4720y < m 1£0 e - (3.5)
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PROOF.

Consider the cube @Q = [—R, R]™, where R is large enough for Q C Q. We will
solve (3.3) in @ by using an appropriate orthonormal basis and the idea is to
use something similar to the Fourier basis. We want a basis (w,,) of L?(Q) such
that ||m|? + 26 - m| # 0, so we first define the lattice

R R 1
L:{m:(mhmg,...,mn)TeR" —m; €Z, j #2 and m2+262}
T T
(3.6)

and the functions

1 S
Wy = W@’m'“7 z€Q, me L. (3.7

The reason for chosen (3.6) in this way will be clear later. Note that if instead
we had chosen the lattice as {k‘ eR” ‘ Lrez, je N} then (wy) would be

the usual orthonormal Fourier basis for L?(Q). To see that (w,,)mer is also an

orthonormal basis, note that k; = m; except ko = mg — 1/2. (3.7) is obviously

an orthonormal set. To see that (3.7) is also complete, we use that (wy) is
1

complete. Assume R Jo9e"™® dx = 0 for g € L*(Q), so

1 n imjx; 1 i(ko—31)z ik;x;
0:(21%)”/2/an3'—16 ' dx:(ZR)”/Q/Qge(Q 272 1L o™i da

il
:/ge '2%2 y da.
Q

Since (wy) is complete, it holds that g(z)e "2 = 0 = g = 0 showing that
(Wm)mer is also complete. To be able to expand the right hand side of (3.3),
f, in this orthonormal basis we extend to ). f is compactly supported in €2,
so we can extend it by zero. Denote this zero extension f € H %(Q). Then we
expand in the orthonormal basis (W, )mer

f: Z fmwma

meL

where f,, = (f, wm) Q) Consider now (3.3) in @ and denote the solution

Y € HY(Q). Again expand in (wym)merL
1; = Z &mwma

meL

where 1/~Jm = (@,wm)LZ(Q).
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Now assume that 1[) is periodic on @ and multiply the left-hand side of (3.3)
with w,,, integrate over () and perform integration by parts. This gives the
following (corresponding to the Fourier transform in Q)

(f’ wm)LQ(Q) - (2R1)n/2 /Qf (x)e™ "™ da
B (2R1)n/2 /Q (A +2i€ - V) h(x)e "™ da
- (2R1)"/2 (/QV.Vlﬁ(x)e—im-f dﬂ?—F/(;)Qif.qu(x)e—im.m dm)
= (le)n/z /6@ Vi (x)e e .nds+i/Qv1;(x) e dw)
+(2]§;n/2( 6@5.1/3(x)e*im-x .nd5+¢/Q§.1[,(m) i dx)

= (21%1)"/2 (z/QVJJ(z) Cme—imT g 2/@&[;(@ . me—tmT dx)
1 ) 7 —im-x ~ P
= Gy (2 50 Y(x)me nds— /Qw(x)|m|ze dm)

_ ﬁ (/Q £9(z) - me—e d:c)
= —W (/Q O(x)|m|?e™ ™" da + 2/@51/3@) -me” M d:c)

1 n —im-x n —im-x
s (il [ e g [ G )

= (il +2¢-m) (@Z’Wm)m(@) '

Hence we have the following relationship between the coefficients of f and ¢

Inspired by this we define the operator Re : H*(Q)) — H*(Q) such that ReAy =
I, where A¢ is the partial differential operator (3.3) Agtp = (A +2i€- V) 9., so

Z |m|2+2§ m” =9

This is a formal definition, since we do not know if m|* 4+ 2¢ - m = 0 for some
m and we have not shown that Ref € H*(Q). The choice of the shifted lattice
L deals with the first problem. First note that since

[Re()? =k + [Im(€)|* and  Re(€) - Im(€) = 0
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we can write

€ =tw+ iawt,
where |Re(¢)| =t > 0, [Im(¢)] = a > 0, 1?2 = k? + a?, w,wk € R" such that
w-wh =0 and |w| = |wt| = 1. By rotating coordinates in the right way we

can assume that w = e; and w’ = ey, where e; = (1,0,0,...,0)7 € R" and
ea = (0,1,0,...,0)T € R™. This choice turns (3.3) in Q into

(A + 2i(te; + iaey) - V)b = <A + 2i (tail + z'aa‘;»)@z =f inQ

and it turns (3.8) into
fom =— (Im|* + 2(tmy + iams)) V.- (3.9
Now the following bound holds
[[m|* 4+ 2(tmq + iams)| > [Im(|m|? + 2(tmy + iams))| = 2a|ma|,

so the problem ||m|? +2¢-m| = 0 can be avoided if |ms| > 0. This is why £m,

is shifted away from integers in (3.6), since then |my| > F=. Thus
[Im? -+ 2(tm + iams)| > T

and the division above is justified. It is assumed that [Im(£)] =a > € > 0, so

2
2 2 N ’fm‘
Ref] iy = 1) gy = 2 1l =
H ef L2(Q) L2(Q) mze:L‘ ml mZE:L||m|2+2(tm1 +iams)|*
R? = |2
< a2 Z ‘fm ’
meL
hence
[0, = ey 1
2@ ~ [m(§)[ " lle2(Q)
where Cp = &

"

Now to see that Ref = ¢ € H*(Q), that is, D*R¢f = D € L?*(Q) for all
|a| < s, use that f € H*(Q) .

(Daf)m - (Daf’ wm)L2(Q)
= / wy, D*f da
Q
= (—1)"‘|/QDawm fdx
= (=) (im)* fon,
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where (im)® = Y_"'_, (im;)®. This shows that

j=1

D f =Y (1) (im)* frnwn.

meL

We wish to show that D"Rgf = D4 exists and that (3.1) holds. We have that
(D ¢)m _ (D ¥, wm)LQ(Q)
= / W, DY da
Q
= (_1)\04/ ¥ D*w,, dz
Q
= (=) (im)* Py
= (=1)!*l(im)

(>°9),,

m-m+26-m’

fn
m-m+26-m

Computing the L2-norm of D*% for any «, where la] < s by use of Parseval’s
equation gives

N2
Def _
‘( )m‘ t2ﬂ'2 Z ‘ ‘ v HDO‘f 2

12@Q = fmem 26 - m)? 22 £2(Q)’

|-,

Hence Dt € L?(Q) for all |a| < s. Summing then gives

1/2

HqLHHS(Q) - HRg‘fHHs(Q) - ;S HDQR&JF‘ 2L2(Q) = [ Im(€)| HfHHs(Q)'

Since f was extended by zero outside € into @ it holds that ”fHH " Hrae

wnd 4]

> || g5 SO We get the desired estimate in (2.
e (Q) 1905 Q) g

Using this theorem we can find a bound on the solution to (3.2), when |[Im(¢)|
is large enough. We first need the following theorem about a perturbation of
the identity and operator norm of its inverse. The proof is build on [11].
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THEOREM 3.2 Let A: X — X, where A =1+ B, be a bounded operator from
X onto X, where also B : X — X is bounded. If | B| < 1, then the perturbation
of the identity operator I + B is invertible and it holds that

1
1—|B|

a7 =]+ B <

PRrooOF.
Let z € X. It then holds for a K > 0 that

|Az| = (I + B)z| = |z + Bz| > || — |Bz| = |z| — | B || = (1 = | B]) |2] -

Hence there exists a constant K7 = 1 — |B| > 0 such that |A| > K |z| for all
x € X. This means that K |z| < |Az| < K;|z|, hence A is injective, since
assuming Ax = 0 implies that

Ky |z] <0 < Ko 2],
so z = 0. This means that A in invertible (since it is already assumed to be

surjective).

Now

1=||AA7Y =@ +B)A Y > 1 —|B]) A~

K

1
1
1470 = =y

Using this result we can show existence of solutions of the (3.1) to the Helmholtz
equation with a potential.

THEOREM 3.3 Let s > 5 be an integer and assume that { € C" satisfies
[Re(§)]* = k* + [Im()]*  and  Re(€) - Im(€) = 0,

since this means that & - € = k? . Then there is a constant C, depending on €,
such that if

Im(E)] > Ci lal oo (3.10)

then there exists a solution u € H*(QY) of (1.8) of the form (3.1), where ¢ €
H*(Q) satisfies
2C)
19150y < F7a7 14l me ) » (3.11)
= Im ()| @)

where Cy is the constant from Theorem 3.1.
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PRrROOF.

In the case with no potential, that is, when ¢ = 0 on the left-hand side of
(3.2) we know from Theorem 3.1 that a solution is ¢) = ReG in H*(Q), where
Q@ = [-R,R]™ and R is chosen large enough for 2 C @ to hold. In general g
might not be zero, so we try applying R¢ to (3.2) in Q

Re (D¢ +4(2)) ¥ = (I + ReG) v = Req.

1
= 1-[Redl
by Theorem 3.2. Set Cy = 2Cy, where C is the constant from Theorem 3.1 and
use that R : H*(Q) — H*(Q) is bounded

Now if | ReG| < 1 we have that I+ Re is invertible and H (I+ Req)™" ” <

Retl . 00 S Tt H~ |
H 37 H:(Q) ~ [Im(&)] v H*(Q)
C ~
< — o H ” by Theorem A.3

Co
o el (IO (8
Ol 1@ [P

2 HwHHS(Q)7

hence |Req| < 2 < 1. By Theorem 3.2 (I + R¢q) " exists and

=2.

1 1
(I+Rsfi)_1H < — <
H I—[Reql = 13

This means that
¥ = (I + Red) 'Req

solves (3.2) and

(4

H ~HHS(Q) = (I + Re@) ™" Redl 1. ) < (1 + Bed) ™| 1Redl -

2C’

HS(Q)

Using that ¢ is a zero extension of ¢ to @ means that |q] ;. ) = |4l g:(q) and

we also have that ||¢||H.Q(Q) < HT;HH

2Cy

H¢|HS(Q |I ©) lql

He(Q) - (3.12)
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Now since we have shown that (3.2) has a solution }Z’ € H*(Q), it means that
(1.8) has a solution in H*(Q) of form (3.1), where 9 satisfies the bound given
in (3.12) under the given assumptions.

Note that C1 is chosen explicit in the proof Cy = 2Cy = %, since () is also given
explicitly in Theorem 3.1. Theorem 3.3 means that the perturbation function
1 goes to zero in H*()) when |Im(£)] — oo. This means that the perturbation
term in the CGO solution (3.1) will be small for large Im(&) and the solution

to (1.8) will look like a complex exponential e%®,

3.2 Important identities

Before moving on to the actual investigation of the stability of the inverse prob-
lem (1.14) we need a few results, that will be shown in this section and used in
the next.

First we define the dual pairing on (H~*(Q2), H*(2)) for s > 1 like done in [1].
For u € H*(Q) let v € L?(Q) and define ¢ by

6w = (0,0) = (0 0) ooy = [ v (3.13)
Q
By this definition if ¢ € H*(Q2) then (¢,u) = (¢, u)r2(q). Let us check that this
defines a dual pairing, that is, that ¢ € H~*(Q)). First, we must make sure that
(3.13) is independent of the choice of v. Let v; and va be two L?(Q) functions.
Then

O:<¢7U>—<¢au>Z/QUWCZ%—/QUsz!E:/Q(Ul—vz)udm.

Now this is true for all compactly supported smooth functions u, so v; = vy a.e.
in Q.

Second, we can check that ¢ € H=*(). It is easy to see that (3.13) is linear.
Let o, 8 € C and uq,ug € H§(Q)

(6, s + Bus) = / vlaur + Bus) de = ald,ur) + B, us).

Q
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Boundedness follows from Holder’s inequality

o] = | [ vuds

Hence ¢ € H*(Q2) and

’/Qqﬁudx

The following theorem uses this result and will prove useful later.

< olza o) 1wl g2y < 10l pe o) vl e q) -

SNl g-s) lul g(o) - (3.14)

THEOREM 3.4 Let u € H5(Q). For all € > 0 it holds that

2 2 I, 2
lulz2(q) < €luls) + - lul -« (o) -

PRrOOF. Let a = em. Then a > 0 and oz+i > 2> 1, since g(a) = a+

||UHH—S(Q)
has global minimum at (1,2). This means that

Q=

lulae) = | (f: Drzca|
| U, ) (@), (@)

< Nl () ul e ()

Ju ||H Q) n 1 ||“|Hs(ﬂ)>

< ulg-s o "u"HS(Q)< [l € lule(o

*GHUHHs(Q)"‘ Jul7; - s(Q) -

The next theorem is based on [14] (Theorem 15.1) and is important in the next
section.

THEOREM 3.5 For any two solutions u, € H'(Q), 1 = 1,2 to
(A+E +q)u =0, (3.15)
ul‘aﬂ = fl7

where f; € HY/?(0Q) the following identity holds

/ (42 — a1 )uruz do = / fi(Agy = Agy) o ds. (3.16)
Q N
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PrOOF. Using that u; and ug are weak solutions of (3.15) and performing
integration by part gives

0:/UI(A+k2+q2)u2_UQ(A+k2+Q1)u1 dx
Q

:—/VU1'VU2 dx + f1% ds—i—/VuQ-Vul dr — fQ% ds
Q o On lea Q oa " 0n laa

+/ U1QaUs — U2q1uy d

Q

- / filkgs fo ds — / folg, f1 ds + / wn(q2 — qu)un d.
o0 oN Q

Rearranging gives

/(QQ —q1)uruz dr = / falg, f1 ds */ f1lAg, fo ds. (3.17)
Q o9 o9

Now let v solve (A + k2 + ¢;)v = 0in Q and v = f on 9. Then using similar
arguments as above

O:/ul(A+k:2+q1)va(A+k2+q1)u1 dx
Q

ov ouq
= Jnln = [

- / filhgy fo ds — / fohg, 1 ds,
o o0

hence

/ Johy fr ds = / Fily, fo ds. (3.18)
o0 oQ

Plugging this result into (3.17) gives the desired result

/(Q2 —q1)uiug do = / fi (Mg, — Ag,) f2 ds.
Q o0

Note that (3.17) means that the Dirichlét-to-Neumann map A, is symmetric,
that is,

(Agf.g) = (f, Aqg)- (3.19)
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Now Theorem 3.5 means that
[ @2 = s do = (. (A = 8002 = (A = A fr. 1)

so using (1.11) and (1.12) we get the following inequality

((Agy = Ags) F1 )] < Wiy = Al irasa oy pr172 000 1t Lirssaomy Ll s oy

which means that

/Q(QQ — q)urup dz| < [Ag — Ag, ||H1/2(aQ)_>H—1/2(aQ) I f1 ”Hl/Z(aQ) ||f2||H1/2(aQ) :
(3.20)

This is the estimate used as an important step in the next section.

Note that Theorem 3.5 also implies injectivity, that is, uniqueness of the inverse
problem (1.14). The following proof of uniqueness is based on [18], but we will
use CGO solutions of the form e*(1 + 1) instead of e*(a + ) as used in
[18].

Let Ay, , Ay, be two Dirichlét-to-Neumann maps defined as usual by (1.9). As-
sume that

Ay = Ay, (3.21)

We wish to show injectivity, meaning that (3.21) implies ¢ = ¢2. Plugging
(3.21) into the result of Theorem 3.5 implies that

/(QQ —q)uruz dr =0 (3.22)
Q

for any solutions u; € H*(2) to (3.15), where [ = 1,2. Let & € C™ and choose
& and & like we did in (2.18) such that & + & = —rn, where » > 0 and
n € R, |n| = 1. Then we are looking for CGO solutions such that the product
ujuy is close to e(&1+€2) gince then (3.22) is close to the Fourier transform
of (g2 — q1)xq, where x is the characteristic function. Recall that this was also
the argument in the case of the linearised problem. We know that if the Fourier
transform is zero, so is the function itself by Plancherel’s equation. By the
choice of & (3.22) becomes

0= / (g2 — q1)e™ (1 +41)e™ (1 + 1) da
Q

= /Q(Q2 —q)e” T dy + / (g2 — q1) (W1 + Y2 + Y11p2) dx.

Q
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Recall from Theorem 3.3 that for large enough |Im(¢)] it holds that 4| ;. o) <
% lall g7+ (- So under the assumptions of Theorem 3.1 and Theorem 3.3 by

using Holder’s inequality and letting |[Im(£)| — oo the second integral above go
to zero and we are left with

0= / (g2 — q1)e™ " dx = / qe= " dx = Fq(rn),
Q n

where ¢ is the zero extension of ¢» — ¢;. This implies that g1 = ¢» on Q as
desired.

3.3 Fourier transform of potentials

We are now almost ready to investigate the stability of the non-linear inverse
problem (1.14), but like in the linearised case we first need an estimate of the
Fourier transform of the zero extension of ¢; — ¢o. The rest of this chapter
relies on the work [9] by Isakov, Nagayasu and Wang and is also inspired by the
similar article [15] by Nagayasu, Uhlmann and Wang. The article [9] provides
a stability estimate for the inverse boundary value problem for the Helmholtz
equation with potential (1.8) (called the Schrodinger equation in [9]), whereas
[15] does the same for an acoustic equation (A + k%¢)u = 0 using very similar

arguments. Both articles work with Cauchy data, C; = (u\ag, %Z|69)7 as the

boundary measurements. This is done to assure well-definedness of the problem
for all £ > 1. We will here derive a similar stability result, but use the Dirichlét-
to-Neumann map, which gives a sharper estimate, but also means that we have
to assume that zero is not an eigenvalue of (1.8).

Note that in the following C' stands for a general constant depending on n, s, 2, M
and supp(q; — ¢2). C can appear more that once in an equation without nec-
essarily being the same constant. When explicit constants are needed it will be
clear from the notation.

The following proof starts like that of Theorem 2.1 in the linearised case. Since
we no longer have the simple complex exponential, but CGO solutions, the main
difficulties arise from the arrival of the perturbation function .

THEOREM 3.6 Let n > 3 and let Ay, be the Dirichlét-to-Neumann operator
(1.9) for 1 = 1,2. Let s > 3 be an integer and M > 0. Assume |q .oy < M
and supp(q1 — q2) C . Denote the zero extension of g1 — g2 from Q to R™ by q.
Then for r > 0, n € R™ satisfying |n| = 1, a > C1 M where C is the constant
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from Theorem 3.8, k? + a® > %, and for k > 1 it holds

. a c
[Fq(rn)| < Cke [Aq — Ag, ||H1/2(BQ)_)H v200) T H‘Z"H s(Rn) » (3:23)

where C depends only on M, s,n,Q and supp(q1 — q2).

PROOF. By Theorem 3.3 we can construct solutions u;(z) to (1.8) under given
assumptions. The theorem tells us that if £ € C™ satisfies

[Re(&)” = K + [Im(¢)? (3.24a)
Re(&)-Im(§) =0 (3.24b)

and
[Tm(&)] > Ci gl g+ - (3:25)

then there exists a solution u;(z) to (1.8), where g = ¢;, of the form

ul(x) = eiil'x(l + ’L/)l($>)
and it holds that

C
||¢l||Hs(Q) |I @) ”q”Hs(Q) (3:26)

Note that under these assumptions (3.25) and (3.26) implies that

[¥]

C C
s s ——— sy = C. 2
H=(Q) |I @) lal o) < Cu oo lal ey =C (3.27)

We will now choose &; the same way as in the linear case (2.18). For this proof
to be able to stand alone we will repeat the arguments here. Let » > 0, n € R"
such that |n| = 1. Choose n* and ¢ € R™ such that they are orthogonal to each
other and to 7

net=n-¢=Cnt =0 (3.28)
and such that they have lengths
Int|=1 and [¢|=a. (3.29)

We now wish to define & and &5, such that the assumptions in Theorem 3.3 is
satisfied as well as & + & = —rn. Define

2

S R (3.30a)
2

&= —ln- \/an i (3.30b)
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Let us now first check that the assumptions (3.24) and (3.25) holds.

2
2 _ r o0 TP
|Re(&)|” = —5ni k*+a -7

2 2
:%+k2+a2—%k2+a2
= k> + [Im(&)[?

Re(&)-Im(&) = (—;77 +1/k%+a? - Cf?]L> - () = 0.

Also [Im(&)| = a = C1M = C1 |q| y+ () by assumption. Finally it holds that

i(& + &) = —irn. (3.31)

This means that when given k,r and 7 satisfies the assumptions given on them
in the theorem, we can choose ' and then (¢ in a way such that a® > % — k2.
Note that this is only possible, since we are in dimension n > 3, due to the
fact that we split the real part of & into two orthogonal parts, which are also
orthogonal to the imaginary part. This is only possible if there are at least three
dimensions.

and

Letting rn € R™ be the Fourier frequency we have

1 ~ N —irn-
7 |y T

Recall that i(¢; + &) = —irn, so using that u; = €*#(1 + ¢;) we have that
urug = e~ (1 + 1h1)(1 + 1h2). Let us first use this in the following integral
over ().

/52(‘12 —q1)urug do = /(fb — q)e"© TR (14 4y (2) + Yo (@) + 1 (2)¢ha()) da

Q

[ Fq(rn)| =

N /Q(fb —q)e "L+ 1 (3) 4 Po(x) + i ()2 (2)) da.
This means

/(Q2 —q)e” " da
Q

’ /(Q2 — q1)urug dz — / (g2 — q1)e " (1 () + tho(z) + 1 (2)Y2()) dx’ <
Q Q

+

/(112 — q1)urug dx
Q

/Q((b —q)e” " (1 (x) + Ya(z) + 1 (2)a () da).
(3.32)
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Let us start out by considering the first integral. Again the arguments are
similar to those of Theorem 2.1. By (3.20) we have that

/Q (g2 — qr)uriz de| = [(Ag, — Agy) fr. fo)

< [Ag — Ay, ||H1/2(39)HH71/2(39) |1 ”H1/2(09) ||f2||H1/2(aQ) :

Now

| fil 172 00) = lwlonl sz a0)
< Clu] g g

=C (I\Uz HiQ(Q) + ||V“l”2L2(Q))1/2 '
Let R > 0 be large enough for 2 C Br(0). Then for x € Q
()] = |67 (1 + 4y
i(—gnimn*iio-w(l + )
< el=¢ml (1 + |yu])
< el¢ll=l (1 + [ ||Loo(ﬂ))
< (14 il ey

< el (1 +C | ||HS(Q)> by Theorem A.4

< CeE.

Using this gives

1/2 1/2
bl = ([l o) < ([ o ar) < cenn
Q Q

To find a bound on Vu;, we use that [V[.q) < |¥]y:q) < C, since s >
n/2>3/2>1.

||Vul HLQ(Q) = H(l + wl)Velfz-r + eiﬁl'zvlpl”Lz(Q)
<@+ 90)igae | gy + [V (g
= & lutl 20y + e IV 20

V2 +2a20eE + B

<
< C’kec“,
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since there exists a constant C' such that a < e“®. Combining these results gives
an upper bound of the norm of f

||fl||H1/2(39) < Cke®?.

Coming back to the integral, this implies that

/(ﬂh — q1)uqug dx
Q

< Ck?e" [Aq — A, ||H1/2(8Q)—>H*1/2(BQ) : (3.33)

Consider now the second integral in (3.32). This is where the proof differs from
the linearised case. Let ¢ € C§°(Q) satisfy ¢ = 1 near supp(q; — ¢2), so it
represents the supp(q; — g2). Since ¢1 — g2 has compact support in € it holds
that ¢(v1 + 12 + 192) € H5(Q) and we have

’ /Q((h —q1)e” T (P + by + Y1aba) dx‘

/Q((h —q1)e” T G(Pr + o + h11g) da

= ‘<(Q2 —aq)e”" T G + 2 + 7/’1>Hs(QHH—s(Q)‘
<2 — @il - (o) 161 + Y2 + V12) | e (o

by (3.14). Using that H*(Q) is an algebra (Theorem A.3) and the bounds (3.26)
and (3.27) we get

16(n + ¥ + 0102y < 0oy (111a1o(y + W2lgeoy + 191

CM CM CM
< Wl (S + S+ 050

¢
.

P A

<

Combining the two results for the two integrals in (3.32) means that

C
< Ck?e“ |Agy — Mol 1200y 1r-1/2(00)

’/ (g2 — q)e™ " da
Q

C
T laz — a1l -+ () -

Extending q; — q2 by zero to R™, it then holds that the Fourier Transform of
the zero extension ¢ is bounded as

~ 1 ~ —irn-x
|~7:Q(7“77)| = ‘W/Qqe " dw

@ C
< Cke [Ag — A, ||H1/2(8Q)~>H*1/2(aﬂ) + o ||‘ﬂ|H—s(1Rn) - (339)
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0 When moving on to estimating [q] ;- g« in the next section it turns out

to be an advantage to consider two different ranges of r. This is due to the fact
that the above estimate depends on r. Doing this gives the following lemma as
an easy consequence of Theorem 3.6.

LEMMA 3.1 Letn > 3 and let Ay, be the Dirichlét-to-Neumann operator (1.9)
for1=1,2. Let s > 3 be an integer and M > 0. Assume |qi|z. o) < M and
supp(q1 — q2) C Q. Denote the zero extension of g1 — q2 from Q to R™ by q. Let

R>CiM
where Cy is the constant from Theorem 8.3. Then for r > 0, n € R" satisfying
2
Inl =1, a > C1M with k* + a® > T and for k > 1 the following holds.
For0<r<k+R

|Fq(rn)| < Ck?e“ [Agq — Age ”H1/2((’)Q)A)H71/2(89) + 5 ”ﬂ —s(R™) (3.35)

and forr > k+ R

_ . C .
‘-7:(1(7’77” < Ck?*e” ||Aq1 - qu ||H1/2(652)~)H*1/2(8()) + - ||QHH—S(Rn) , (336)

where C' depends only on M, s,n,Q and supp(q1 — q2) and Cy is the constant
from Theorem 3.3.

PROOF. n the first case, assuming that 0 < r < k + R, choose
a=R

in Theorem 3.6. This means that a = R > C1M > C1 |qi| (o) and r < k +a,
so 2 < 2(k? 4+ a?) < 4(k* + a?) and it follows

|]:‘?(T77)| < Ck?e“R ||Aq1 - qz ||H1/2(aQ)_>H 1/2(5Q) +5 ”Zﬂl s(Rn) *
In the second case, assuming that r > k + R, letting
a=r
means that a = 7 > k+ R > k+ C1M > Ci|q.q) and also k% + a?
k2 + 72 > 72 > r2/4. Tt then follows

C

\}"q~(m)| < Ck?e“" ”AQI - Aqa ||H1/2(6Q)*>H—1/2((')Q) + s "Cj”H*S(R") :
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3.4 Proof of main stability result

Now we will prove the main stability result. This is not a constructive proof,
since it is based on the result we are trying to show, so it does not offer much
intuition. The reason for the difficulties here, compared to the linear case, is that
the use of CGO solutions in Theorem 3.6 requires assumptions on |[Im(§)| = a.

THEOREM 3.7 Let n > 3 and let Ay, be the Dirichlét-to-Neumann operator
(1.9) for1 =1,2 . Let s > 5 and M > 0. Assume ”ql"HS(Q) < M and supp(q; —
g2) C Q and that u; solves (3.15) with ¢ = q;. Denote the zero extension of ¢1—qo
from Q to R™ by . Then for k > 1 and |Aq, — Mg | g1 /2(90)— 5r-1/2(50) < 1 the
following estimate holds

1172y < CR* Mgy = ol 117200y 1117200

—(2s—n)

1

+C | k+log . (3.37)
“Afh - AQQ ||H1/2(BQ)*)H*1/2(GQ)

where C depends only on n,s,Q, M and supp(q1 — q2).

PROOF.

Again let C' be a general constant depending only on n,s, M and Q. Write
v € R™ in polar coordinates, v = 7, where » > 0 and 7 lies on the unit sphere
in R™ we use the change of variables (2.21) as in the proof of Theorem 2.2

271_n/2
dvy = =1 dr dn.
TS w2 TN
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Performing this change of variables gives the following estimate for the zero
extension of ¢o — 1

2 g
i / 1+ P F)IR dy

_/ OO/ 14+ P2 Far) P 2 dr dy
0o Jsm-1) ['(n/2)

—c [ [ e ar dy
0 S(n—1)

k+R
—c [ [ e e dn
0 S(n—1)
T
+C/ / 11+ 72| 75|Fq(rn)|>r™ =t dr dn
k+R JS(n—1)

+ C’/ / |1+ 72|75\ Fq(rn)|?r™t dr dn
T S(n—1)
- C(Il + IQ -|— I‘g),

where R > C1M and T > k+ R are constants that will be chosen later. Compar-
ing to the linear case, the estimate of the Fourier transform depends on r, which
is why we here need to split the integral into several parts and investigate then
separately. Splitting up the integrals in this way allows us to use Theorem 3.6
on the first two integrals I; and I5. Let us first consider the last integral I5.
Note that

Fa) < [ i@l dr= | o) = @] do <1207 o = el

SO

I3 = C/ / |1+ 72751 Fq(rn)|?r™~ dr dn
T S(n—1)

SC‘QHMI _q2"i2(9) /S( : dn / |1+T2|—srn—1 dr

n—1 T
9 oo ,rnfl
< Claz — @l o) / —55 dr.
T T

Letting m = 2s — n and remembering that —m =n — 2s < 0 we get

oo
I3 <C H(J2 —q1 "i2(Q)/ ri2s gy
T

2 1 n—2s1>
=Clao = ailiz) —; "],

2 —-m
=Clez—a ||L2(Q) T
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Since g2 — q1 € H§(2) Theorem 3.4 implies that for any e > 0 it holds that

—m 2 1 2
I; <CT <€ lor = 2ly—o o) + - lar — @2l 3- (o

. 1
<CT (e 131« ) + 6M2> . (3.38)

Note that s > n/2 means that (2.22) holds, so coming back to the first integral
I, Theorem 3.6 and (2.22) implies that

k+R
n= [ [ perEe e dedy
0 S(n—1)

k+R
<cC S(1) dn/o 1+ (Ok’QeCR [Ag, — Ag, ”Hl/z(ag)_)H—l/z(aQ)

C . 2
TR "q”H*S(R")) "t dr
C
2 12
< Cke*FR [Agq, — Age ”H1/2(8Q)A)H*1/2(6Q) + R ”q”H*S(R")

oo
/ |1+ 25" L dr
0

= Ok |Aq, <

2 12
— Ay, ”H1/2(aQ)_>H—1/2(aQ) + 2 ”anfs(an) : (3.39)

Finally we need the following two estimates

T T
/ eCr|1+T2‘—sTn—1 dr < 6CT/ |1 +T2|_S7“n_1 dr
k+R k+R

oo
SeCT/ |1_|_,,,2|7s,rn71 dr
0

< Ce“T,
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and

T T )
/ (1+ 1"2)757""73 dr < / 3728 g
k

+R k+R
1 n—2—2s n—2—2s
:7n—2—23(T — (k+R) )

< k Rn7272s
- n—2—28( +R)

1
<Cr——gr
— (bt R
_
(k+ R)?

IA
Q

A
a

since k> 1.

Using these we get the following for the second integral, I, we get

T
E=[ [ e e dyar
k+R JS(n—1)

T
< A(n—1) /k I (CF€ IAg, — Aol 00y 12000
+R

C- 2 1—1
— —s(Rn 4 d
=Nl ) T
T
2 —-s Cr, n—
< k4C HAlh - qu ||H1/2(8Q)—)H_1/2(89)A 5 |]. +T2| ec r 1 dr
+

T
~12 —s,.n—
+C|\q||Hfs(Rn>/ B Il
k+R

~112
11—

< OR'eT Ay, — Ay ”?{UQ(GQ)HH*UZ’(BQ) 00—

(3.40)
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We can now combine these three results and get a joined bound of ||Z1V||§{_S(Rn).

47—y < CU1 + L2 + 1)

1a -+ mn
<C (k‘*ezCR |Ag, — Aqg, ||§—[1/2(BQ)~>H’1/2(89) + %

~12
, [ e
+ Ck*T Ay, — Ay, I5200)— H-17200) T C%

+ O (€1l + 1007)
= (Ck4ech + Ck4eCT) A — A, "?—11/2(6Q)~>H*1/2(89)
0 (54 T Willyosgany + O

The rest of the proof is rather technical, where it is investigated and shown how
to choose the parameters R, e and T to get to the final estimate (3.37). It turns
out that it is desirable to divide the remaining proof into two cases. Define the
cases

(i) k+R<plog (é) (3.41)
and
(ii) k+R>plog (é) (3.42)

where R > C;M and p > 0 will be chosen later and we denote denote D =
”A‘h — Aq2 ”Hl/?(aﬂ)*}Hfl/z(aQ) fOl“ SlmphCIty

e Case (i)

Denoting some specific constants will help us choose R and € in a desirable way.
Let Cs, C3 be positive constants depending only in n, s, 2, M and supp(gz — q1)
such that

2
"aHH*S(Rn) é C’ (k462CR + k4GCT) D2

C —m
+ <R2 + CsT ) -« gy +07

We now pick € and R such that the second term is a constant 1/2 times
”q”H s(Rn)* To do this let

Tm

R>24Cy and e=—, (3.43)
4C5
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SO

11\, o
-y < © (R 4 K6T) D2 (4 ) Al + T

Since R is simply a large enough constant we get

1313« @) < CE*D? + Ck*eCTD? + CT—>™, (3.44)

1
T:plog (D),

which is greater than or equal to k + R by the condition (3.41). We wish to
show that there exists a C4 > 0 such that

We now choose

2m
E*CTD? < Oy (k + log (;)) (3.45)

and

—2m
T < Cy (k + log G))) , (3.46)

since then by (3.44)

—2m

1
1313+ @) < CK*D? +2Cy (k + log <D>)

which is our desired result. Let us now examine what it requires to satisfy (3.45)
and (3.46).

By the choice of T' (3.46) is equivalent to

o (k +log (;)) < plog (llj) : (3.47)

Now by the case (i) condition (3.41) we have

k + log <11)) <k+R+log <11)> <(p+1)log <ll)> , (3.48)

which means that (3.47) (i.e. (3.46) holds whenever

;7 < ﬁ (3.49)
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Now, looking at (3.45) and using that the logarithmic function is increasing and
the choice of T', we have that it is equivalent to

1 —2m
log (k4€CTD2) S log <C4 (k + log (D)) > =

4log (k) + CT + 2log (D) < log (C4) — 2mlog <k + log <11)>) &

4log (k) + (Cp — 2) log (é) + 2mlog (k +log (é)) <log (Cy),  (3.50)

since log(D) = —log (). Using (3.48), which comes from being in case (i),
that is, and that £k < k+ R < plog (%), we can bound the left-hand side of
(3.50) by

LHS of (3.50) < 4log (plog ( ! )> (Cp—2)log <11)>
+ 2mlog ((p +1)log é))

1
<4log(p) + (Cp—2) log<D> +2mlog (p+1)

+20m + 2o (10g (5 ) ):

Now choosing

< — .01
vl (3.51)
we get
LHS of (3.50) < 4lo 5 + 3 2) 1o k= +2mlo +1
s\a2c 2 s\p) "% \ac
1
2 2)1 1 —
+2(m + )0g<og(D)>
3 3
—4log<2c>+2mlog<+1)+2(m+2)log<log( ))
e (L
2 %\ D
<4log <30 + 2mlog <C+1)+max{z+2(m+2)z}

Note that

s (2 210 1o (5)) - L1 () = ma (2 210500 1)
+
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since —32z + 2(m + 2)log(z) has global maximum at z = 4m + 8. This means
that

LHS of (3.50) < 4log (230> + 2mlog (230 + 1) +2(m+2) (log(dm +8) — 1)

so condition (3.50) (i.e. (3.45)) holds whenenver

4log (230> + 2mlog (230 + 1) +2(m+2) (log(dm +8) — 1) < log(C:;)m)

e Case (ii)

Second, consider the case (3.42). Let T'= k + R and observe that this choice
makes the second integral I» disappear and we have

.
-y < KD 4.0 (4 T ally oy + €T
Setting
T'I’TL
=

and using the choice of T" implies that

13 ey < OR*CRD? 4+ 20113 gy + Rk + R)
Now choosing
R>2VC, (3.53)
so the coefficient in front of |G| ;. gn) is less that 1/2 and
1313 -« @) < CE*D* + C(k + R) ™

The condition (3.42) means that

R k k+R_k »p 1 min{1, p} 1
Sk4——o g2 S0P ) > -
k+R_k+2 2+ 5 _2+2log(D)_ 5 k +log o))

so we get (since m > 0)

min{1, 1 —am
|37 gy < CK*D? + C <{2p} (k +log <D)>) ,
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SO

1 —m
which is the desired result when we pick any p > 0.

To finish to proof we must choose appropriate R,p and Cy. First we pick
R > Cy M large enough to satisfy (3.43) and (3.53). Then we choose p sufficiently
small to satisfy (3.51). Finally, we choose C4 large enough to satisfy (3.49) and
(3.52).

Estimate (3.37) in Theorem 3.7 consists of two parts; a Lipschitz part and
a logarithmic part. When k£ is small the logarithmic part dominates, but as
k increases this part is dampen and the Lipschitz part dominates the stabil-
ity. This means that the stability gets better when k increases. To see this
denote D = |A, — Ag, HHl/z(aQ)HH,l/Q(aQ). The transition from logarithmic
dominance to Lipschitz dominance happens at k* satisfying

(k*)2D = <k: +log <[1)>)_m.

Figure 3.1 shows an example of how k* behaves as a function of D when m =1
(corresponding to n = 3 and s = 2). k* is seen to be a decreasing function in
D.

Now for k < k* by (3.37) it holds that

k*D < (k*)?D = <k + log (é))m < (k + log G)))m

so here the logarithmic part dominates. Now when k increases and k > k* it
holds that

(k + log (é))_m < <k* + log (é))_m = (k*)?D < k*D,

so the Lipschitz part dominates the stability. This means that the area above
the curve in Figure 3.1 corresponds to the Lipschitz part dominating and the
area under to the logarithmic type.

As D goes to zero k* grows, meaning we need a very large k to make sure we are
the Lipschitz part dominates. But it also means that if there exists information
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0 T T T
0 0.1 0.2 0.3
D

Figure 3.1: Behaviour of k* over D for m = 1. When k is above the curve the
stability is dominated by the Lipschitz part and when k is below
by the logarithmic part.

about the error such as |Ag, — A, HHl/Q(amﬁH_l/Q(aQ) ~ € it can be determined
at which value of k the transition happens. On the other hand, if the physical
problem dictates that the frequency k is fixed or lies in a fixed interval, the
logarithmic part dominates as ¢ — 0.

In general this shows that the stability increases with frequency. It means we can
expect better stability for inverse problems dealing with high-frequency waves
and this fact could be exploited when building reconstruction algorithms.

Note that the Lipschitz constant grows polynomial as k2. k? comes from the
fact that we used CGO solutions in the proof of Theorem 3.7. It is only an
estimate and it is both important and interesting to see how the right-hand
side of (3.37) behaves as a function of k. As mentioned it is shown in the zero
frequency case that the logarithmic type stability is optimal, meaning that we
cannot in general expect a better type of stability. To investigate if the constant
k? is in some sense optimal, the next chapter examines how the right-hand side
of (3.37) behaves for a specific choice of domain and potential. If the estimate is
optimal, we expect the right-hand side of (3.37) to converge towards a constant
value when k increases, since C' and |q] ;- q, are independent of k. This is not
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a trivial exercise, since the operator norm |A, — Ay, HHl/z(amﬂH,l/Q(aQ) or an
estimate hereof must be computed. Assuming that the estimate is optimal we
would expect the operator norm to behave like k=2 for large k.



CHAPTER 4

Numerical investigation of
optimality

Chapter 3 showed that the stability of the problem (1.14) increases with the
frequency k in the sense that the logarithmic type stability is dampen when
k increases. As mentioned before it is shown in for example [18] that for zero
frequency the stability is of the logarithmic type and in [12] that this logarithmic
stability is optimal in some sense for general potentials q. For large k the
estimate (3.37) shows that the stability is of Lipschitz type with constant CkZ.
Though we know that (3.37) is optimal for & = 0, it is only an estimate, that is
an upper bound, and it might be a conservative bound for £ > 1. In this chapter
we wish to investigate if the factor k2 is optimal in the sense that the right hand
side of (3.37) does not grow in k, but instead converges to [q]y-.g.) when k
increases. To evaluate (3.37) the operator norm |A,, — A, "H1/2(6Q)—>H—1/2(aﬂ)
must be computed for a range of k, which is not a trivial task. Also [|q] - gn)
can be computed, but since this is simply a value independent of k the exact
value of |- gn) has no influence on the task at hand.

To numerically compute the operator norm or an estimate hereof it is shown in
section 4.1 that the difference of two Dirichlét-to-Neumann maps is a compact
operator on. This fact can be used to describe the operator norm in terms
of the eigenvalues of the operator. Expressions for the eigenvalues are found in
section 4.3 for the special case of ¢; being a spherically symmetric and piecewise
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constant potential and g2 = 0. Recall that the estimate (3.37) is used to conclude
how close we can expect two solutions of the inverse problem to be, when the
corresponding data sets are close. This means that choosing two potentials in
this way, we wish to see what happens when ¢; is close to zero.

In section 4.3 an investigation on the assumption that zero is not an eigenvalue
of the Helmholtz equation with potential is carried out. The results found here
will help to numerically estimate the operator norm in section 4.4. Finally the
stability result is compared to the one derived in our main reference [9], where
Cauchy data is used.

Some results in this chapter are numerical, but all based on theoretical investi-
gations of the computed quantities and expressions.

4.1 Compactness

The first task at hand is to find an estimate of the operator norm

[Ag, — Ay, ‘|H1/2(BQ)—>H—1/2([‘)Q)‘ It turns out, that the Dirichlét-to-Neumann
operator is completely determined by its spectral data, so we can approximate
the operator norm by computing its eigenvalues ([14]). This is very useful in
cases of particular choices of potential ¢ as we will consider in his chapter.

To see why the operator norm of the difference Dirichlét-to-Neumann map can
be described by its eiegnvalues, we will show that it is a compact operator. In
general if an operator T is self-adjoint and compact on a Hilbert space it holds
that

max {|(T'f, f)| ’f cH, |[f|=1}

exists and equals the operator norm |7'||. Moreover this maximum is attained
for a normalized eigenvector with eigenvalue |T'| or — |T| ([17] Corollary 6.7).
The Spectral Theorem tells us that the absolute value of the eigenvalues can
be arranged in a decreasing sequence (except from zeros) converging to zero,
meaning that the first eigenvalue in this sequence is the operator norm. Let us
now show that A, — Ap is in fact a compact operator.

The first step is to show boundedness of A, — Ao : HY/2(0Q) — H™+1/2(9Q) for
any m € N. This is where the real work lies and the proof is rather technical.
The crucial points in the proof is the use of ¢ being compactly supported, so the
Helmholtz equation with a potential becomes a simple Helmholtz equation close
to the boundary, and also use of ellipticity of the partial differential equations is
essential. The proof is based on part of the article [4]. In [4] compactness of the
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Dircichlét-to-Neumann map for the conductivity equation is shown and we will
here transfer the principles used to the Helmholtz equation with a potential.

THEOREM 4.1 Assume that ¢ € L>=(Q) and that q has compact support, that
is, ¢ = 0 near the smooth boundary 0. Then for any m € N

Ay — Ao : HY2(0Q) — H™1/2(060)
s bounded and the operator norm is bounded as

1A = Dol /200y mm+1r200) < Clal o) 112000, -

where C depends on k,Q and m.

ProOOF.

Let Q' C Q be an open domain such that ¢ = 0 on Qg = Q\Q'. Let {¢,}™ ; be a

n=1
sequence of smooth functions, that has support near 92 such that the following
holds

¢ 0<¢,<1,n=0,....m
e ¢, = 1 near 0}
e ¢y = 0 near 99
e ¢, =11in Q1 =supp(¢dpy1) forn=1,...,m— 1.
Now let u be the unique solution to (1.8) with f € H'/2(9%) on the boundary

and let v solve (A +k%)v = 0in Q and v = f on HY/?(9Q), so u — v € H}(Q)
solves the second order partial differential equation

(A+ K+ q)(u—v) = —qu. (4.1)
¢, is supported on Q,,, 5o ¢, (u —v) € H}(Q,) solves

(A+ k2)(¢n(u —v)) = A¢p(u—v) + 2V, - V(u—v) + ¢, (A + kz)(u — )
= Adn(u—v) +2Ve, - V(u—v)

in Q,, since ¢ = 0 near 99, so (A + k?)(u —v) = 0 in Q,. Since A + k? is a
second order elliptic differential operator, we have the following estimate (see
e.g. [7])

|on(u = V)| grmrzq) < ClAGR(u—v) + 2V - V(u = 0)| gmq,) -
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[—0,— 0. —0 9

Figure 4.1: Example of behaviour of cut-off functions, where 2 is the unit ball
and ¢ are assumed to be spherically symmetric. Here the radial
part is plotted and r = 0.5 is 9€Y.

Using that the Sobolev space H™ () is an algebra (see Theorem A.3) and that
the square root is concave it holds that

|90 (u = V)| grmr2q) < ClAG] grm o, 1w = V) gm(q,)
+12Von ”H""(Qn) IV (u— )]

H™ ()
< O (lw=0)lgn@, + 1Y@ =)lgnq,)
<c( 3 1P =0)lixa,)
|a]<m
1/2
+ Z |D( ”L2(Q ))
|a|<m+1
a m 9 1/2
<C( Z | D( ||L2(Q +HD +1 “_U)”LQ(QH))
jaf<m

=C ”U - ’UHHm+1(Q“)

< C|pp-1(u— U)HHm+1(Q) )

where C' depends on k,Q and ¢,. This holds for n = 1,...,m — 1, so by
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induction we get that

| fm (u — U)||Hm+2(sz) < C|om-1(u— U)||Hm+1(9)
< Clom—2(u = )| gm0

< Clgo(u—v)lg2q) - (4.2)

Note also that
[¢0(u = )| g2 () < C|1A¢o(u — v) +2Vo - V(u = v)| o(q,)

< Clu =510y
<Clu-— U”Hl(sz) : (4.3)

Now since u—v € H} () satisfies (4.1), which is a second order elliptic operator
it holds that
Ju— U”HI(Q) <C ”_quHfl(Q)
< C gl oy ol
< Clalpoo (o) 11117200 -

Combining the above results and using that the composition of the normal
derivative and the trace operator is bounded, we can bound the Dirichlét-to-
Neumann difference operator

0
1(ha = 80) s som = | (=

Hm+1/2(5Q)
0 .

= |l 5= (dm(u —v)) , since ¢, =1 near 0N
877 Hm+1/2(5Q)

< Clém(u—v)| gmszio)
< Clo(u = v)| g2(q)
< Clu—=vlg g

< Clal gy 115172000 -

Using that the embedding H™*1/2(9Q) — H™1/27¢(99) is compact for any
e > 0 ([1]) compactness is an easy consequence of Theorem 4.1.
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THEOREM 4.2 The difference operator
A — Ao

is compact on H'/2(09).

PROOF. Theorem 4.1 tells us that
Ay — Ao - HY2(0Q) — H™/2(60)

is bounded for any m € N. Now since the inclusion H”+1/2(9Q) ¢ H™+1/2=¢(9Q)
is compact for m € N and for any € > 0, meaning that the identity operator

i: H3(0Q) — H™/27¢(9Q)
is a compact embedding, the operator
io(Ag—Ao) : HY(0Q) — H*(9Q) — H™/27¢(9Q)

is compact as a composition of a bounded and a compact operator. Since this
holds for any m € N and € > 0 the result follows.

As mentioned, this result means that we can describe the map A, — Ag by
its eigenvalues, where the largest corresponds to the operator norm. The next
section deals with the problem of finding the eigenvalues of A;—A in a particular
case of  and ¢. The rest of this chapter and the numerical results here will be
based on this special case.

4.2 Eigenvalues

The problem of finding the largest eigenvalue for the Dirichlét-to-Neumann dif-
ference operator Ag, —Ag, is now addressed. This will be done for specific choices
of 2, ¢, and ¢ as mentioned. The proofs of this section are build on the article
[13], where an expression for the eigenvalues are derived for the Dirichlét-to-
Neumann map of the conductivity problem. We will here use the same concepts
to derive similar results for the Helmholtz equation with a potential. It turns
out that we are dealing with Bessel’s differential equations compared to an Euler
type equation in [13]. This makes the computations more complicated, but the
principles are the same.
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Consider the special case where  is the unit sphere in R?* and where g(x) = q(r)
is spherically symmetric. We will choose g2 = 0 and ¢; = ¢(r) to be a piecewise
constant function in r. The approach is to find general expressions for the
eigenvalues of A, and A, called A/ and A? respectively, and use these to express
the eigenvalues of the difference operator by

A== AL

We will consider the special case, where the spherically symmetric and piecewise
constant g is given by

_J e when r<p
a(r) = { 0 when r>p ~’ (4.4)

where 0 < p < 1. Note that this is not a continuous potential as assumed in
Theorem 3.7, but we expect the estimate to still hold though it is important to
note that the assumption of continuity is not satisfied.

The techniques used in this section relies mainly on separation of variables.
Some long, but simple, computations are performed using the mathematical
software Maple and left out here.

First Theorem 4.3 below will provide an expression for the eigenvalues of A, for
a general spherical symmetric potential ¢(x) = ¢(r).

THEOREM 4.3 Let Q be the unit sphere in R® and assume that q(z) = q(r) is
spherically symmetric. Then the eigenfunctions of A, are the spherical harmonic
functions Y™ ([19] p. 275) and the eigenvalues are given as

OR;(r)

A= or

3 (4-5)

r=1

where R; solves the Bessel’s differential equation (4.6).

PRroOOF. Consider the Helmholtz equation with a potential where the boundary
function is independent of r and given by a spherical harmonic function

(A+ k2 + q(r)ugm =0 in Q,
ulm‘ =Y™ on 0.
r=1

Split up ug,, into aradial and a spherical part u(z, y, z) = u(r,0,¢) = R(r)Y (6, ¢).
Separation of variables then yields

R

r2

2 1 1
"Y + ZR'Y Y, in(0)Y; k*)RY = 0.
R+ 2RV + 5 (Ve % ) + () + KIRY =0
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Let v be the separation constant, so

R' _ R 1Y,
R WELIRg. E2) = — Yop
PR TR AR = oY T ey

(sin(6)Yo)o = 7.

This gives the two ordinary differential equations

1" g / 2 l _
R'+ R +<q(r)+k TQ)Rfo (4.6)
and
1
—_— 1 = 4.

for the radial and spherical part respectively. Now separating (4.7) again and
using the boundary conditions Y (6, ¢) of period 27 in ¢ and Y (0, ¢) finite at
6 = 0,7 it can be shown (|19] p. 272-275) that v = I(l + 1), where [ is a non-
negative integer and — < m < [, that the solutions of the spherical ordinary
differential equation (4.7) are the spherical harmonic functions

Y™ (6, 6) = P (cos(9))e™?. (4.8)
Here 1 =0,1,2,... and =l <m < L.

Now the radial part satisfies (4.6), which is a Bessel’s differential equation, where
we now have v = [(I + 1). Denote the solution R;(r), since it does not depend
on m. (4.6) is of second order, so the solution R; will involve two unknown
coefficients, that can be determined by the boundary conditions R;(1) = 1 and
R;(0) is finite.

Combining these results gives the separated solution
Uim = Rl(r)}/}m(ev QS)

We can now see that ¥, are the eigenfunctions of A4, since

8Rl (T‘)

or

AT (0,6) = Ay (uim Y70, 6) = MY;"™(0, ).

r=1

)=

Hence Y;™ are the eigenfunctions with corresponding eigenvalues

_ ORy(r)
A= or

r=1
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Note that the eigenfunctions Y;™ form a complete orthonormal set on the surface
of the sphere in L?(99) ([19]).

Let us now find explicit expressions for the eigenvalues in the case of ¢; = 0 and
g2 = q(r) given by (4.4). First, consider the simpler case where ¢; = 0.

THEOREM 4.4 The eigenvalues of Ay are given by

Jiy3/2(k)

N=l—k
: Jiy1/2(k)

for1=0,1,2,....

PROOF. Setting ¢ = 0 turns (4.6) into
RO// + gRO/ + <k2 _ l) RO — O
r r2
This is Bessel’s differential equation and has the solution

J| k N, k
l+1/2( r) + B, z+1/2( T)7
vr v

where J is the Bessel function of the first kind and NV of second kind, also called
the Neumann function. The Neumann function N blows up at » = 0, so we
set By = 0 to satisfy the boundary condition R)(0) being finite. This gives the
solution

R) = Ay

R) = Ao‘h*i/fr‘;@.
Now the boundary condition R{(1) =1 means that
1= AoJiy1/2(k), (4.9)
so we get the solution
RO _ Jig1/2(kr)

YNNG

The eigenvalues are now easy to compute by differentiating and we get

Jit3/2(k)
Ji12(k)

OR(r)

)\? - 87" r=

= 1Ao T 41/2(k) — AokJiysse(k) =1 —k
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It will later be shown that the assumption of zero not being an eigenvalue of
(1.8) with ¢ = 0 means that J;;/2(k) # 0 for all [ € Ny. Note that for a fixed
Jiys/2(k)

> Jigay2(k)
fixed I, A} behaves like a m-periodic function for large k.

— 0 as | — o0, s0 A ~ [ for large I. As a function of k, that is for

Let us now turn to the slightly more complicated problem of finding the eigen-
values A/, where ¢ is given by (4.4).

THEOREM 4.5 Assume q is given by (4.4). The eigenvalues of A, are then
given as

Jiy3/2(k)

A =1— BLEN, k) + k=22
l 2 l+3/2( ) Jl+1/2(k)

(B5Nps1/2(k) — 1), (4.10)
where
Bl = (le+1/2( k? + cp)Jiiaa(kp) — VK> + cipa2(kp) Jis2(V E? + CP))
/(kNl+1/2(k5)Jl+3/2(kp)JlJrl/Q( k2 + cp)
— kNiy3/2(kp) i /2(VE? + cp) iy a2 (k)

= VE%+cip12(kp) Jiyz2(VE?2 + cp)Nijpya(k)
+ VE2 + cNig1ya(kp) Jiyso(VE? + CP)J1+1/2(7€)>- (4.11)

PROOF. Since ¢ is piecewise constant we solve the differential equation (4.6)
in the two domains separately and then match transmission conditions at the
jump.

First for 0 < r < p (4.6) turns into

(l+1
r?R1" 4+ 2rR1 4 12 (c+k2 — 7( :; )> R = 0.

Solving this gives

Ri*(r) = Al Jir1/2(VE? + cr) + B! Nip1/2(VE? +cr)
1 =4 1 :
vr vr
Since R} (r) must be finite at 7 = 0 we set B! to zero and get
Jl+1/2(\/ k2 + C’I’)

R (r) = A} NG .
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For p < r <1 we get the ordinary differential equation
r?R%2" 4 2rR%2’ 4 12 <k2 _ —; 1)> R =0
r

with solution

Jig1/2(kr) Niy1/2(kr)
R (r) = Al 7 + B} N
The eigenvalues are given as the derivative at » = 1, so they are computed as
)\q — aR;h (’I")
! ar  lr=1
0 Al Jz+1/2(k7") Nl+1/2(kr)
= 3. 2 Bz
o\ vl

=1 (BaNig1yo(k) + AbJii1/2(k)) — k (BN a(k) — AbJiis)0(k))
=1—k (B5Nyy32(k) + AbJiis/0(K)) -

The last equation is due to the fact that the boundary condition at r = 1 gives
1= R{(1) = Ay Jisr (k) + ByNig 2 (k).
Using this boundary condition we can also express A} in terms of B}

1 — B5Nyyq (k)

Al =
2 Jiy1/2(k)

This means that

1 — ByNyy12(k) Jpg12(kr) 4 Bl Niy1/o(kr)

R;D (T) = Jl+1/2(k) \/,,j 2 \/;

for p<r<1.
Plugging this into the expression for the eigenvalues gives
A =1—k (ByNij3/2(k) + ALy 50(k))
(1 — BYNii1)2(k)) Jigsa(k )

=l-k (BéNl+3/2(k) +

Ji41/2(k)
Jl+3/2(k)> Jiva/2(k)
:z—kBl<N k) = Nisaya(k M)
2 | Nigs/a(k) 1+1/2( )Jl+1/2(k) Jit1/2(k)

To determine B, we need to derive transmission conditions at 7 = p. Remem-
ber that we are trying to find the operator norm to be able to investigate the
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optimimatility of the stability estimate in Theorem 3.7. This means that we
must obey the assumptions taken here. First, v € H*(Q) and s > n/2 = 3/2,
so as a minimum s = 2. By the Sobolev embedding theorem ([5]) this means
that u is continuous, so the first transmission condition is

Ulm (P77 07 ¢) = Ulm (P+7 97 (rb)v

which means that a Dirichlét condition must hold at the jump r = p
R (p) = RE(p). (4.12)

I Now to derive the second transmission condition, we will use the fact that u is
the solution of (1.8). Let ¢ € C2°(£2) be a test function. Dividing the integral
into two, using the regions 2, where 0 < r < p and Q9, where p < r <1, and
integration by parts gives

O:/Q(AJrk2+q)u¢dx
:f/VUoV¢+(k2+q)u¢da:
Q

= 7/ Vuy - Vo do — / Vug - Vo dz + / (k* 4 q)u¢ dz. (4.13)
931 Q2 Q

Performing integration by parts again and letting n be the unit outward normal
derivative for the inner circle 2; means that

— | Vu -Védr=| Aug dm—/ 9y s
Q1 Q1 r=p 877
and
8u2
— Vug - V¢ dx = Augp d:c—l—/ —¢ ds,
Qg 92 r=p an

since the outward normal derivative for 25 on the mutual boundary is in the
opposite direction than before, so —7, and ¢ = 0 on r = 1. Combining these
two results means that

0= Aulqbd:c—/ O s + Au2¢dx+/ %2 5 g
Q1 r=p 877 Qo r=p 677
+/(k2+q)u<z5 dx
Q
:/(A+k2+q)u¢dm— %MH %Qﬁds.
Q r=p 877 r=p 877

IEven if we did only assume that u € H'(Q), where u is not necessarily continuous, this
would still hold under the assumption that w is continuous on the two domains 0 < r < p
and p < r < 1 (denote them €, 4 = 1,2). This is due to the fact that v € H'(Q) can be
approximated by smooth functions, so it holds that the traces T'(u1) = T'(u2) on the mutual
boundary of Q1 and Q. Using continuity of the trace operator, T, it then holds that u; = ug
onr =np.
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Hence for u to be a weak solution of (1.8), it must hold for all ¢ € C°(Q) that

Oouq Oug
—¢ds= / — ¢ ds,
x/'r—p 877 r=p 877

meaning that we require that

ou
an

_ Ou
-

r=p

r=p

Using that u = Ry(r)Y;™(0, ¢) gives that

OR,
on

R,

= (4.14)

r=p r=p

as the second transmission condition.

Matching the Dirichlét (4.12) and the Neumann (4.14) conditions at r = p gives
the two equations

1 — ByNii1y2(k)

Al k2 + cp) =
1J141/2( r) Ter1ya (k)

Jiv1y2(kp) + B5Nys12(kp)  (4.15)

and

l
Al WJ1+1/2(\//‘52 +op) — VE2+ cdiysn(VE + CP)) =

Bl (’le+1/2(k)Jz+3/z(kP) I Nip1y2(k)Jig1/2(kp)

Jiy1y2(k) P2 Jiy1/2(k)
l
—kNi13/2(kp) + pl/QNl+1/2(kP)>

Ji372(kp) I Jig1y2(kp)
Jiprs2(k)  pt? Jigaya(k)

Solving (4.15) and (4.16) (this is done in Maple) gives (4.11).

—k (4.16)

Note that the same procedure can be used if ¢ is any piecewise constant function.
In this case we would have more equations and more unknown coefficients, which
could be determined by matching transmission conditions at the points, where
q jumps.
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Coming back to the eigenvalues of the difference operator A, — Ay we now know
that they are given as

Tiysya(k Tk
A=\ =\ =1—kB) <Nl+3/2(k)—Nl+1/2(k) a2 >> _ pJis2®)

Jiy1/2(k) Ji1/2(k)
s le+3/2(k)
Jig1/2(k)
J, k
= Bék ( /2 )Nl+1/2(k) - Nl+3/2(k)> ) (4.17)
Jiy1/2(k)

where Bl is given by (4.11).

Given the frequency k& we must find the [, where the largest eigenvalue occurs,
but first we note that given k, \; has singularities close to some [ € N. It turns
out that these singularities corresponds to being near cases where zero is an
eigenvalue of (1.8). This is the basis for the investigation in the next section.

4.3 Assumption of uniqueness

Let us now investigate what assumption we are actually making when assuming
that zero is not a Dirichlét eigenvalue of the partial differential equation (1.8).
To be able t compare the results with the investigation in the preceding an the
next section, we are interested in special cases when ¢ spherically symmetric and
either constant 0 or given by (4.4). In this case consider the Dirichlét eigenvalue
problem

(A+k*+q(z)u(z) = u in QCR”
u=0 on 01,

where ¢ € L°°(Q). Performing separation of variables is very similar to the
separation of variables done above in Theorem 4.5 (think of k% = k% — \), so A
will only figure in the ordinary differential equation derived for the radial part.
The solution to this ODE is divided into two parts, since g is either zero (¢ = 0)
or piecewise constant. The solution is given as

Jl+1/2(\/ k2 +c— )\ZT)

Ay NG ; 0<r<p
RZ(T) =
Ji VEk2— )\ N, Vk2 =\ ’
B 12 ir) + /2 ir) p<r<l1

Jr NG ’
(4.18)
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where A;, B; and C} are arbitrary constants and [ = 0,1,2,..... Inserting the
Dirichlét boundary condition u = 0 at r = 1 means that

BIJZ_H/Q(\/ k2 — )\l) + CZNZ_H/Q(\/ k2 — /\l) =0

and since we are interested in the case when A\; = 0 is an eigenvalue we get
BlJH_l/Q(k) + ClNH_l/Q(k) =0.

Using transmission conditions at 7 = p we can for example express B; as a
function of ;. Doing this will mean that the above equation can be written as
the constant C; multiplied with a fraction. The numerator of this expression is
zero when

0= \/mjl—&-lﬂ(kp)Nl+1/2(k)Jl—1/2( k2 + cp)
—kJiy12(VE2 +cp)Nijp1ya (k)11 2(kp)
+ kJiy12(VE2 4 cp)Jip1/2(k)Ni_1 /2 (kp)
- \/mNZH/z(kP)JZH/z(k‘)Jlﬂ/z( k% +cp). (4.19)

Hence when assuming that zero is not an eigenvalue, we are actually assuming
that k and ¢ are given such that (4.19) does not hold.

Let us see what happens to (4.19) when k is much larger than ¢ and we can
assume that v/k2 + ¢ ~ k or when ¢ = 0.

0> kJiy1/2(kp)Nig1y2(k)Ji—1/2(kp) — kJiy1/2(kp) Nigay2(k)Ji—1/2(kp)
+kJip1)2(kp)Jip1y2(K)Ni—1/2(kp) — ENi1y2(kp) Jig1y2 (k) i1 /2(kp)
~ kJip12(k) (Ji12(kp)Ni21y2(kp) — Nigay2(kp)Ji—1/2(kp))

so assuming k > 0 we get J;;1/2(k) = 0. This means that when & is large in the
case ¢ # 0 or for all k in the case ¢ = 0 we assume that

Jiy1/2(k) # 0, (4.20)

since otherwise zero would be an eigenvalue and the solution to (1.8) not unique.
Considering the case where ¢ = 0, we exactly need to assume that (4.20) holds
to be sure that we have a unique solution. Figure 4.2 shows a plot of the right
hand side of (4.19) in blue and J;44/2(k) in red for ¢ = 10, p = 0.7, I =0 as a
function of k. Here we can see that the difference between the zeros of the two
functions very quickly go to zero when k grows.

Let us consider an asymptotic expansion of the Bessel functions. As z — oo the
Bessel function goes like (see for example [19])

- /2 _mm T -3/2
Ju(z) = — cos (z 5 4) +O(k™/=).
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Figure 4.2: Right hand side of (4.19) plotted in blue and J;;4/2(k) in red
for ¢ = 10, p = 0.7, [ = 0 as a function of k. It is seen that
the difference of the intersections with zero goes to zero when k
increases.

Remembering that [ is an integer we have for k — oo

2 I+« .
Jip1/2(k) = s cos <k — % — 4> + Ok 3/2)

f1/i L ™ ~3/2
= chos(k l2 (l+1)4)+(9(k ).

This expression can be expanded in linear combinations of cos and sin. We will
here choose a particular sequence of k’s to simplify things and remember to
disregard the | € Ny that give rise to zeros. We choose

k= (;‘ + D m, (4.21)

to be furthest away from zeros of cos and sin. Note that we especially have to
be careful when k is small, since then the asymptotic expansion does not hold.
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4.4 Operator norm

Before actually searching for the operator norm as the largest eigenvalue, let us
consider how we expect the operator norm to behave as k increases.

The operator norm is given as

[Ag = Aol = sup  [{(Ag —Ao) f,9)]
f,9eHY2(89)
IF1=lgll=1
/quu dx
f.geH'?(00) 1/Q
Ifl=lgl=1
< swp alpeo(o) lul L2y 10l 20 »

f.g€H?(8Q)
I fl=lgl=1

= sup (4.22)

where u solves (1.8) and v solves (A+q)v = 0in Q and v = g on 0. This means
that we wish to investigate how the L2-norm of u and v behaves as a function
of k. Recall by the separation of variables in section 4.3 that the k-dependency
only occurs in the radial part of u and v.

Let us start with the simpler task, [v]2). We know that the solution of
(A + q)v = 0 can be separated as vy, = Ri(r)Y;™ (0, ¢), so

1/2
ooy = ([ 1R 0,00 a )

- / R 2 dr)m ([, wmce.o0 sinie ds)m.
Ji1/2(kr)

We know that R;(r) = Ji1/2 (k)
9 1/2
— 2 2 dr .
Jip12(k)V/T

Tivra (v 50
1 1
([ merra) = ([
0 0
Choosing k as (4.21) and using the asymptotic expansion we get for k — oo
| V kr

1/2

Jipaya(kr) lﬂ"

Jiy1/2(k

so we expect [v] 2y — 1 as k — oc.
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1/2

This is also seen if we we fix [ and set [ = 0.
1/2
in(k 2
sin( r)) ‘ . dr)

(/OlRo(r)|2r2 dr) _ (/01 N
- m (/Olsin2(kr) dr)

- % <sin21(kz) - tanl(k:) 116)1/2'

1/2

Both 1/tan(k) and m are 2m-periodic functions, so when k is large 1/k goes
to zero and the above expression goes to a 2m-periodic function. If we choose &k

as (4.21) and expand the square root we see that it exactly converges towards 1

1 1/2 1/2
1 1 1 1
2,2 _ = — _
</0 |Ro(r)|” r dr) = \/5(2 k:> 1 e k2+...%1,

as k — oo. Note that the convergence rate is 1/k.

For larger [ similar behaviour of the L2-norm is seen, only the k~! convergence
occurs for larger k.

Now coming to the L2-norm of u, we again know that u can be separated into
solutions w;, = Ri(r)Y;™(8,¢), where the k- (and now also ¢-) dependency
occurs in the radial solution. In this case we compute |Ry| 2() Dumerically,
since the expression for Ry is rather complicated. The integral is evaluated in
MATLAB (see B.1) and a plot on a logarithmic scale of the difference between
the computed L?-norm and 1 is seen in Figure 4.3. It is observed that |ul . ©)
behaves as [v] ;2 (q); the norm converges towards constant 1 as k increases with

a rate of k~!. Note that this is of course computed with fixed values of ¢ and p
(here ¢ = 0.01 and p = 0.7).

Summing up, when k is chosen as in (4.21) we expect the operator norm of
Ay — Ay to converge towards a constant value depending on ¢ as k increases.
Note that this result assumes that [ = 0 is a good estimate of the position of
the dominating eigenfunction.

Let us now try to find the largest eigenvalue of |A;|. Recall

Ji3/2(k)
A = Brk (MNM/Q(@ = Nigsy2(k) ),
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Difference of computed L2 norm and 1

= Error
—1/k

Figure 4.3: L2?-norm of the radial part of u for I =0, p = 0.7, ¢ = 0.01 (left)
and convergence rate k~! towards 1 (right).

where Bl is given by (4.11), so

Ji3/2(k)
Jig1/2(k)

A first naive attempt to find the above operator norm would be to compute the
eigenvalues |\;| for a range of I € N and choose the largest. As mentioned even
though we have chosen k as (4.21) there are still [ € Ng that correspond to being
close to a zero of (4.19). To handle this problem we will only compute |);| for [
chosen in such a way, that we are not close to these singularities. See Figure 4.4
for a visualization of (4.19) for a given k = 103 + 7 (and ¢ = 0.01, p = 0.7).
To avoid being close to a zero of this function, we numerically find the roots
of (4.19) and choose the integer I’s that are closest to the midpoint between
two roots, which correspond to being close to the extrema points as seen in the
plot. The MATLAB function doing this is seen in Appendix B.2. Here the Zero
Eigenvalue Function is (4.19), which as mentioned behaves a lot like J; ;4 /2(k)
at least for large k. It can be shown ([21] p. 156) that J;1;/o(k) has no zeros
when k € (0,l+ %), that is when l+% >k > 0, so when [ > [k — %1 After
this point J; 1 (k) (and also (4.19) in general) decays to zero as a function of [,
which is also seen in Figure 4.4. This means that if we allow to large ! (4.19)
will be close to zero and the value of the corresponding eigenvalues blow up and
become very large. Another way of choosing a range of [ that does not come
too close to zero, is to simply throw away the integer ! that give rise a (4.19)
being too close to zero. Here too means a given tolerance, that must be chosen.

~ l
14, - Aol =k {54

Nija/2(k) — Nl+3/2(k)‘} . (4.23)
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Both methods give the same result the first being faster since it chooses less [.

Zero Eigenvalue function

Zero Eigenvalue function
® Chosenl
T T T

0 2 4 6 8 10 12 14 16 18 20 22 24
|

Figure 4.4: The right hand side of (4.19) is plotted in blue, where the integer [
chosen by the MATLAB function seen in B.2 are plotted as red dots.

Now we wish to find the operator norm, or at least an estimate hereof, for a
range of k to see what happens when k increases. To do this we use the above
method for every k to find a list of acceptable integer I’s and then compute
the operator norm for these. We then choose the largest as our estimate of the
operator norm. The MATLAB function doing this can be seen in Appendix B.3.
It turns out that the largest eigenvalue always correspond to the lowest value
of [ and as k increases the value chosen is constant [ = 0. As mentioned when
k — oo the Bessel functions of order [ 4+ % are almost independent of &, so we
would also expect this behaviour. For smaller k, the chosen values (4.21) are
not as good as for larger k, so for some small &, [ = 0 is too close to a zero of
(4.19) and ! =1 is chosen instead.

We cannot be sure that the chosen eigenvalues correspond to the exact operator
norm for the chosen k, but we know that it is at least is a lower bound. When we
earlier examined the expectation of the operator norm we too did this for a fixed
value [ = 0, so we expect these chosen eigenvalues to converge towards a constant
value when k increases. Let us call the eigenvalues for the computed operator
norm or estimate hereof. It turns out that they converge towards cp at rate k=1,
which seems very reasonable remembering (4.22). Seeing that the operator norm
is zero when ¢ = 0 is also a good indication of the correctness of our numerical
results. Figure 4.5 shows a double logarithmic plot of the difference between cp
and the computed operator norm. In this particular case, the coefficient B, and
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the expression concerning Bessel’s functions in the parentheses in (4.23) both
go to zero at rate k=5, The factor k is then the reason for the convergence to
a constant value when k increases.

. Difference of computed operator norm and ¢ p
10 T

—_— k—l

10 F — O rrOT|3

107} E

10 " 3

10 E

10k E

107 1 1 1 1
10 10 10 10 10 10

Figure 4.5: Difference between cp and the computed operator norm is seen to
converge to zero at rate k1.

We are now finally ready to compare the numerical results with the stability
estimate found in chapter 3. Figure 4.6 shows a double logarithmic plot of the
right hand-side of the stability estimate (3.37). The logarithmic part of the
stability is plotted in red, the Lipschitz part in blue and the combined estimate
in black. The constant green value is the L?-norm of ¢, which is a lower bound of
|90 7+ (mn)- As expected the estimate follows the logarithmic part for small k and
when k gets larger it follows the Lipschitz part. It is seen that the Lipschitz part
grows like k? which is expected, since we have just shown that the computed
operator norm approaches a constant value and not zero. This means that for
large k (3.37) is a very conservative estimate and in this sense not optimal.
The result suggests that in this special case of the unit sphere 2, spherically
symmetric and piecewise constant ¢ and k chosen as (4.21), a stability estimate
with kC instead of k2 is a better estimate. Even though we have only computed
an estimate of the operator norm, the values computed are a lower bound for
the true operator norm, so it cannot go to zero at rate k=2, which would have
made the estimate optimal.

This does not contradict the result in chapter 3, on the contrary it means that
we can expect better Lipschitz stability for large k in this special case.
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Right hand side of stability estimate
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Figure 4.6: Estimate visualized as a function of k for p = 0.7 and ¢ = 0.01.
4.5 Cauchy data

At last, let us compare the stability result obtained in chapter 3 with the result
derived in the article [9]. The discussion of the relationship between the Cauchy
data and the Dirichlét-to-Neumann map is inspired by [6] and results not shown
can be found here. As mentioned, the main article, [9], used in chapter 3 uses
Cauchy data instead of the Dirichlét-to-Neumann map. This is done to avoid
the assumption that zero cannot be an eigenvalue of (1.8), which is the reason
for the difficulties in the preceding numerical investigations. The problem when
zero is an eigenvalue is that the Dirichlét-to-Neumann map, is not well-defined,
since there can be several solutions to the Helmholtz equation with a potential.

Now if we assume that u € H!(Q) is a solution to (1.8) we can define the
Dirichlét-to-Neumann map weakly, without assuming that zero is not an eigen-
value. This is done by defining

/ Aquds:/Vu~Vegdx—/(k2+q)uegdx,
00 Q Q

where g € H'/2(09Q) and e, € H'(Q) is an extension of g.
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We can then define the Cauchy data associated with (1.8) as the set

ou
Co = { (u’aﬂ’ an

Now if zero is not an eigenvalue of (1.8) the Cauchy data corresponds to the
graph of the Dirichlét-to-Neumann map ([6]), that is

) ,  where u is a solution to (1.8)} .
o9

Co={(f:8af) | € H2(00)},
since then w is the unique solution to (1.8).
When using Cauchy data as in [9] the inverse problem is formulated as the

problem of finding ¢, when knowing C,. Now to measure the distance between
two Cauchy data sets, the authors use the following

|(r.9) - (7.9)|
dist(Cy,, Cy,) = max sup _inf H2@H-12
(f.9)€C,, (F.3)€Cq, I(fs D2 qm—1s2
Neo-da,,. .
sup _inf ,
(f,9)€C4qy (f,9)ECY, ||(f7 g)”Hl/z@Hﬂ/z

where the norm on HY/2 @ H~1/2 ig

/
2 2
G arvszaa-z = (1200 + 19012000

Again if we are in the case where zero is not an eigenvalue, that is when the
Cauchy data set is simply the graph of the Diriclét-to-Neumann map, the fol-
lowing bounds hold (see [6])

”Aql - qu "Hl/Q(QQ)HH—l/?(aQ)

2 2
VI 180200y 11200\ T+ sl /2000) 512000
< dist(Cy,, Cg,) < [Ag, — Agy ”Hl/Q({jQ)—)H*l/?(aQ) ‘ (4.24)

The estimate obtained in [9] is very similar to the one we found in chapter 3,

with the only difference being the Lipschitz constant. Where we have k2 [9] has

]];4, [(Jising the above first bound, if |Ag, ”H1/2(6§2)—>H*1/2(89) goes as k, we can
oun

kK |Agy — Ag ||H1/2(89)—>H*1/2(89) < Ck*dist(Cy,, Cyy)
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and the two estimates correspond.

Let us see how ||Aq||H1/2(aQ)—>H—1/2(8Q) behaves in the case of spherically sym-
metric piecewise constant potential ¢ considered in this chapter. In the simple
case where ¢ = 0, k chosen as (4.21) and for [ = 0 we get

J3/2(/€)‘ _
Jl/g(k)

sin(k) — k cos(k)
sin(k)

|A8|=\k Ltk

where the sign depends on k. So in this case

1Al 1200 s Hr-172(80) < CF;

and we get

1@ 51-2 @y < CR* IAgy = Agalir1/2 000y 11172002

1 —(2s—n)
+C | k+log
( ”Ath - qu |H1/2(09)_>H—1/2(BQ)>

—(25—n)
1
< Ck* ”Aq1 - qu HHl/z(aQ)_,H—l/z(aQ) +C <k + log dist(C'qC(])> )
17 2
(4.25)

which is exactly the result of [9].
Now in general we have that

||Aqf||H1/2(aQ)_>H—1/2(aQ) < Cik? ||U||L2(Q) )

where C} is the constant depending on the elliptic Helmholtz equation with
potential, hence it depends of k (among other quantities). It would be interesting
to see if the dependence of k in C} could be determined and a general relationship
between the Dirichlét-to-Neumann map and the Cauchy data found. At least in
the case considered in this chapter, the two results correspond to each other.



Conclusion

In this thesis the results from [9] have been investigated in detail and a similar
result using the Dirichlét-to-Neumann map has been derived. It is concluded
that the stability of the inverse problem of determining the potential ¢ inside a
domain from knowledge of the Dirichlét-to-Neumann map on the boundary is
poor, but increases with frequency. For a low frequency parameter a logarithmic
type estimate holds, which corresponds to known results for the conductivity
equation and the problem of electrical impedance tomography. For high fre-
quency problems a Lipschitz type stability dominates, which corresponds to the
stability of the linearised problem. For a fixed |A,, — Ay, | it is possible to solve
an implicit equation and find the value of the frequency, where the problem goes
from being of logarithmic type stability to a Lipschitz type. In general for a
fixed k, when |Ag, — Ag,| goes to zero we will end up in the logarithmic part.
The fact that the stability increases with frequency indicates that the lineari-
sation is a better approximation of the non-linear problem for high frequencies.
This corresponds to our intuition since the linearisation is performed around
zero potential and the zeroth order term, ¢ + k2, in the partial differential can
be thought of as being dominated by k? for frequencies k much larger than the
size of the potential ¢.

The Lipschitz constant grows polynomially with the frequency as k2. This factor
is due to the use of complex geometric optics solutions in the derivation of the
stability estimate. Here k appears naturally as a consequence of the underlying
partial differential equation, the Helmholtz equation with a potential. From
the investigations in chapter 4 it is deduced that the particular problem in the
unit sphere in R3, where the potential is assumed to be spherical symmetric and
piecewise constant, obeys the derived stability estimate for a specific sequence of
frequencies. It is seen that a Lipschitz constant of k° seems more optimal in this
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special case in the sense that the estimate then decays towards a constant value
when frequency increases. This is due to a derived estimate of the operator norm
of the difference between two Dirichlét-to-Neumann maps. In this particular
setting the operator norm does not converge to zero with rate k~2, but converges
to a constant value that depends on the potential q. Hence the Lipschitz part
Ck?|Ag, — Ay, | of the estimate grows like k2 and is therefore not optimal in the
sense that the estimate is very conservative for large k of the specific sequence.

Comparing the stability estimate found in this thesis using the Dirichlét-to-
Neumann operator to the result in [9] where Cauchy-data is used shows a dif-
ference of factor k2 in the Lipschitz part. The Dirichlét-to-Neumann operator
can be bounded by a constant depending on k and the Cauchy-data, and in the
particular setting of chapter 4 the constant is of order k2. This indicates that
the relationship between the two estimates holds. However, we cannot conclude
whether the k2 factor when using the Dirichlét-to-Neumann is in general opti-
mal or not. The numerical results found here are specific to one case, which is
chosen to make it possible to solve the ordinary differential equations given by
the separation of variables and find the eigenvalues of the Dirichlét-to-Neumann
difference operator. In this case it is not optimal, but has even better stability
for high frequencies.



Outlook

This thesis is an investigation of the relationship between the stability and the
frequency of the Helmholtz equation with a potential. Parameter dependent
stability is a phenomenon observed numerically in several cases. It would be
very interesting to derive similar results and test the optimality for other inverse
problems relating to this problem. For example, considering the acoustic equa-
tion (A+k?q)u = 0, a similar estimate is derived in [15]. One could also imagine
changing the sign of the Laplacian in the Helmholtz equation with potential and
see how the results would change. The difficulties arising in chapter 4 are due
to the assumption that zero is not an eigenvalue and they could be avoided by
replacing A with —A. This would give another problem and new CGO solutions
must be found when trying to derive a stability estimate. Intuition dictates that
the stability of these two problems are the same so it would be interesting to
investigate optimality of this problem and compare it to the results obtained
here.

The reason for considering Cauchy data in [9] is to get around this problem of
assuming that zero is not an eigenvalue and get an estimate for all £ > 1. The
optimality of this problem is also interesting and non-trivial.

Since the discussion of optimality in this work only deals with one very specific
choice of potential it would be of great interest to examine how a more general
case behaves. The reason for the simple choice in this work is due to the analytic
solvability of Bessel’s differetial equation. The case of a more general potential
is no trivial case. It would however be desirable to work with a continuous
potential, as assumed in the stability estimate. In this case one could imagine
solving the ordinary differential equations obtained by separation of variables
numerically and in this way estimate the operator norm.
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Finally, it would also be of interest to investigate the error made when perform-
ing the linearisation in chapter 2 and see if it decays with frequency, as the
intuition from this thesis dictates. Another way to examine the linearisation
could be to use a linear reconstruction method and see if it works better in the
high frequency case than in the low frequency case.



APPENDIX A

Sobolev Spaces

Some definitions and results regarding Sobolev spaces are listed here. The theory
is based mostly on the works [1], [5] and [16]. Only results that are not generally
a part of a first introduction to Sobolev Spaces are included.

Recall the definition of Sobolev spaces for non-negative integer k and domain 2
as given in for example [5].

H*Q)={f € L*(Q): D*f € L*(Q) for all |a| < k}, (A.1)
where D% is the weak derivative of order o. The norm is given as
1/2
2
Iy = | D2 1D f 20
lee| <k

A.1 Sobolev spaces of real order

We start out by considering the domain 2 = R™. Recall for f € L*(R") the
Fourier Transform is defined as

(z)e™ "¢ da.



86 Sobolev Spaces

Using the Fourier Transform it is possible to give an equivalent definition of
the Sobolev space H*(R™) for non-negative integer k. It can be shown (see for
example [5]) that f € L2(R") lies in H*(R™) if and only if

(L+[¢%)f € L*(R™).

As amotivation we use the fact that the Fourier transform is isometric on L?(R™)
and that derivatives of the Fourier Transform comes out as multiplication.

1D flzeny = | P27, ... = &) F)

L2(R™) L2(R)

Using this means that

2 2
||f||Hk(Rn) = Z "Daf"L?(R“)

o<k
o ]
-3 [ 1epiFr ae
= [ X ke ) iFer ac

lal<k

It can also be shown that there exist constants A, B depending only on n and
k such that

A+ € < 18P < B+ [P,

|| <K

which means that the norm

I /1

(A.2)

e A
i = ([ @+ igrii@F @) =gy

L?(R")

is equivalent to the norm of H¥(R") for all non-negative integers s = k. The
definition (A.2) suggests a definition for all s > 0 and not only integers.

H'(R") = {f € 2(R"): (1+1¢P)/2f € LA}

In practice when working with partial differential equations in the weak formu-
lation, we require that the solution variable lies in a Sobolev space of integer
order. It is included here, since it may sometimes be easier to work with this
new definition.
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Note that if s > r, then
H*(R™) € H"(R™), (A.3)
since for f € H*(R™) it holds that

[asigprii©pds < [ ariery iR
R™ R™
= [ arIEPrIFOR de < oc.

The following theorem is given as an exercise in [5] and some sub-results are
based on [16].

THEOREM A.1 The Sobolev space H*(R™) is an algebra for s > %, meaning
that for u,v € H*(R™) it holds that

lwv] s gny < Cll e @ny 10lezs @ny »

where C is a constant depending on n and s.

PRrROOF.

Let u,v € H*(R™). To conclude that H*(R™) is an algebra we have to show
that their product wv € H*(R™), that is, we wish to bound

| i . (A4)

It takes several sub-results to do this. The first is a result concerning the Fourier
transform of a product. For simplicity denote

(€)= L+ |12,

By the inverse Fourier transform and Fubini’s theorem we get

7a(6) n/Q / F@)g(x)e==€ da

(271') / @) / e dn e da

1 —mia-(6=n) gy
=g [ [ s d d
1 ~
= @y Rnff n)g(n) dn
- L0
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Now to be able to bound the entire integrand in (A.4) we wish to bound (£)%*.
Considering the above estimate it would be desirable to find a bound consisting

of (n)® and (§ —n)*.
Let ¢,n € R™ and note that
()" =1+ €172
<1+ €7 + 1€ — 20?3, since |€ —29]* > 0
=1+ €] + [€1* + 4In|* — 4|¢In]|*2
= |1+ 20 + 2(|¢]* + |n|* — 2[¢]In])|*/2
2
— |1+ 2> +2I¢ — |
<2721+ |nf* + 1€ — nf?|
<214 P+ 1+€ - n|2|s/2.

s/2

We wish to split this up in two, so we get 25/2 ({(n)* 4 (¢ — n)*). To do this use
that f(z) = 2P is convex for x > 0 and p > 1, so from the triangle inequality
and Jensen’s inequality it holds for p > 1

op

la+ 0" < (la] + B))" < = (lal” + [b]")

2
and for 0 <p <1, f(x) = 2P is concave and f(0) =0,sofora0 <t <1
+

flte) = fte+ (1 —1)-0) 2 tf(z) + (1 — 1) - £(0) = £f (),

which leads to

()= f (<x 1y e +y),

x
>
x—i—y) xr+y

and
F@)+ 1) 2 oty + S fay) = fa+y),
0
la+ 0[P < |af? +[b]?,

for 0 < p < 1. In general we have that

op
oo < ma {1 5L b+ o)
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and using this for p = 5/2, a = 1 +|n|? and b = 1+ |¢ — n|? means that we have
the bound

() < C (JL+ 0172 + 1+ g = nP?72),

where C depends on s. Using these two results we can bound the integrand of
(A.4) and we get

() @(E)| = Cle)*| (@) (€)
—cter| [ ate— o) dn‘

<c [ @l -] dn

< [ (Pl + [+l =Pl fats = ot dn
=c [l = mitl do+C [ 141t ~ il o
— Ul 979 ©) + (7 ) @)

where C is a constant depending on n and s. Let us now plug this into (A.4)
and use Young’s inequality for convolutions (see [3]), that states that

If *9”1:2(11@) < ”f”Ll(]R") ||g||L2(]Rn) )
so we get

/ 1+ [¢*[Fav(8)]® de < C/ (@] [()°01) ()7 + (1)l = [3]) (&) dé
R R

~ s~12 S~ ~112
= Cfal * ()0l L2@ny + C ) Ul * [0l 2 g
s~2 2 12 2
< IO V2 @ny [l Lamny + C 1) Ul 2@y 10170 Ry

2 ~12 2 ~2
< Clolas @ny [l @ny + C lules @n) 10171 @ny -

The last result needed is a bound of the L'-norm of a Fourier transform in terms
of the Sobolev norm of the functions itself.

To get this we use that s > § implies that

/Rn\u\gﬂ‘s dé < oo. (A.5)

This can be seen by performing the following change of variables. Let £ = rn,
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where > 0, n € R”™ and ||| = 1. Then

o0
/ ‘1+‘€|2‘75 df:/ / ‘1—1—7‘2|7S dnr"_l dr
R~ 0 [ml=1
n—1

<
= dn / ———dr
/n|—1 o (1+7?)

[e’e} 1 n—1
< a(n) / % dr, when n>1
0 (1 +7r )

jee} 1 n—1
< a(n) / % dr, since (1+7)%>1+7?
o (1+r)

— a(n) /000(1 )12 gy

= aln) o [+,
= a(n) when n—2s<0. (A.6)
25 —n

Here a(n) denotes the volume of the unit ball in R™: {n € R"||n| = 1} and

n/2

a(n) = ) Using this gives the desired inequality

/\21 L= ~ d
[Ty = | 106 d
— [ 1o © 1) d

1/2 1/2
2|7° 218 |~/ ey (2
= (/RJ”“ | df) (/Rn!lﬂé“ " ()| d&)

< Clulgegny, when s> g

and we can conclude that

1/2
luv] g eny = 1+ 1P Pun())? dg ) < Clol gony lul g @ny -
(R") e ( (R")

We would like to use similar results in the case of open bounded domains 2 C R"
with smooth boundary 9. We have the definition (A.1) and we wish to relate it
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to the Sobolev spaces defined by use of the Fourier transform in R™. We define

HAQ) = {fe L*(@): 3ge I*RY), o| =1} (A7)
with norm
k = inf k(Rm A8
(W Q) ger(‘Rn) lgl ere gmy (A.8)
f=gla

The results (A.3) and Theorem A.3 extend to this case (see for example [1]).
The main tool for relating these two spaces is the extension operator.

THEOREM A.2 ([1])
Let Q) be a bounded domain in R™. Assume that 0X) is smooth. Then for any
non-negative integer s there exists an extension operator E : H*(Q) — H*(R"),
meaning that E is a linear and bounded operator, mapping functions defined a.e.
in Q into functions defined a.e. in R™ and for every k, 0 < k < s, it holds for
E: H*(Q) — H*R") that

Eu(z) =u(x) a.e. inQ,

| Bl i gny < K Jul g -

Now using Theorem A.2 we can apply this result on a bounded domain €.

THEOREM A.3 Assume that Q@ C R"™ is bounded and has smooth boundary
0Q. Let s be a non-negative integer satisfying s > 5. Then H*(S2) is a Banach
algebra.

PROOF. Let u,v € H?(Q). Then

lwv] s o) = 0] g emy

inf
wweHs (R"),uv=uv|q
< |BuEY] o ny
< C|Eul oy |1EV] gemny by Theorem A.l

< Clulgs lvlge by Theorem A.2.

We also wish to define the Sobolev Space H*(2) for s < 0 and it turns out that
H~°(Q) is the dual space of HS(), that is,

H=2(Q) = {all bounded linear functionals on H3(Q)} (A.9)
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The norm is gives by
ol [ WETE) e
U s(Rn)) — sup
(H=(R™)) we H® (R™ N 1/2
S (o 11+ I B00)” )

which can be shown is equivalent to

1/2
iy = ([ 141677 G0 ac)

Sobolev spaces of negative order contain elements that are no longer L2-functions,
but are distributions.

We also wish to consider the spaces H*(9f2). In boundary value problems it is
necessary to satisfy some given boundary conditions, meaning that we need to
be able to restrict functions in a Sobolev space to the boundary. It is not obvious
how we make sense of the value of for example a function v € H'(Q) on the
boundary 9Q2. The question is how smooth does the data on the boundary need
to be for the function in the Sobolev space to take such values. For example
if we have an infinitely smooth function, the boundary function is simply its
restriction to the boundary, which is well-defined in this case. Let us introduce
a trace operator, that restricts a function defined in Q to its boundary 0.
Define Ty and 17 by

To :HY(Q) — HY2(5Q),
Tou = u’
o)
and

Ty :HY(Q) — H~Y2(09),

ou
Tiu=—
1 on ‘897
where we define H'/2(Q) as
HY2(Q) = {f € L*(09) : u € H'(Q),Tou = f} (A.10)

with norm

1f ir1r200) = uegllf(ﬂ) lull g1 ()

ulga=f

and the dual space

H/2(00) = (H1/2(asz))' (A1)
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with norm

- = inf U - .
l9] 5 1/2(8%) weH-1 () lul g ()

ulan=g

See for example [16] for a deeper investigation of these spaces.

A.2 Useful inequality

The following theorem is given as an exercise in [5] in the case 2 = R™.

THEOREM A.4 Ifue€ H*(Q) for s >n/2, then u € L>®(Q) and

lul oo @) < Clulge(q) > (A.12)
where C' depends only on s,n.
ProoF.

Let u € H*(Q), x € Q and let & € H*(R™) be an arbitrary extension of u to R™.
Then by use of the Fourier Transform, Holder’s inequality and Theorem A.5

lu(x)| = |(]-" 1]7u

()]
1 / '/LL: z&zdg‘

271-)11/2

1
(2m)"/2 Jpn

|1+|§\ 5/
27r)"/2 / O TR
1 ~ . 1/2 - 1/2
< G (/R \u(é)\ 1+ (¢ d&) (/Rnuﬂf | ds)
< Clal g g -

Since this holds for all extensions % of u, it must also hold for the smallest, so
we have for all x €

< 1 W rrs o
) <€ ok, Vol

=Clu

Hs(Q)»
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meaning that

||U||Loo(9) <C HU”Hs(Q)

as desired. O



APPENDIX B

Matlab code

This appendix includes the main MATLAB functions written and used in chapter 4.

B.1 Computation of L>-norm of radial part of u

function i = 12u(k,L, c,rho)
Input: k: frequency parameter
L: number eigenvalue
c: potential function
rho: position of jump
Output: i: L2 norm of radial part of solution to the Helmholtz
with potential (delta + k"2 + gq)u = 0

o° o o o

o

Gitte Fregerslev Schmidt
Thesis, DTU Compute, Spring 2014

o° oe

oe

Numerator of B2
= k.x (besselj(L+1/2, (k.”2+c).”(1/2)*rho) .xbessel](L+3/2, k*rho)...
) ...
— (k."24c) .~ (1/2) .* (besselj(L+3/2, (k.”2+c).”(1/2)*rho) .xbessel]...
(L+1/2, kxrho) );

|

%$Denominator of B2
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N1 = besselj(L+1/2, sqrt(k.”2+c)*rho).» Dbesselj(L+3/2, kxrho) .x*
bessely (L+1/2, k);

N2 = besselj(L+1/2, sqrt(k.”2+c)*rho).» Dbesselj(L+1/2, k).x
bessely (L+3/2, k=*rho);
N3 = bessely(L+1/2, k) .x* besselj(L+1/2, k*rho) .=
besselj (L+3/2, sqgrt(k.”2+c)*rho);
N4 = besselj(L+1/2, k).x bessely (L+1/2, k*rho) .=*

besselj (L+3/2, sqgrt(k.”2+c)*rho);
N = k.* (N1 — N2) —sqgrt(k.”2+c) .* (N3 — N4);

$ Coefficient B2
B2 = T./N;

% Numerator of Al

Ta = B2.*besselj(L+1/2, k*rho).xbessely(L+1/2, k)—B2.xbessely (L+1/2,...
k*rho) .+besselj(L+1/2, k)—besselj(L+1/2, kxrho);

%$Denominator of Al

Na = besselj(L+1/2, sqrt(k.”2+c)*rho) .+ besselj(L+1/2, k);

% Coefficient Al
Al = —Ta./Na;

% |R_1|"2 r*2 in 0 < r < rho
1 = @(xr) ( Al.* (besselj(L+1/2, sgrt(k.”2+c).*r )./sqrt(r)) )."2 .*...
r."2;

Hh

$ |IR_1|"2 r*2 in rho < r < 1

f2 = @(r) ((1—B2.*bessely (L+1/2,k)) ./ ( besselj(L+1/2,k)).> (...
besselj(L+1/2,k.*r)) ./ (sqrt(xr)) ...
+ B2.x (bessely (L+1/2,k.*r)) ./ (sqrt(r))) . "2.%r."2;

% integrate over both intervals
1 = integral(fl,0,rho, 'ArrayValued', true);
i2 = integral(f2,rho,1, 'ArrayValued', true);

[

% combined integral
i = (11 + 1i2).7(1/2);
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B.2 Chosen [

function L = findls (k,c, rho)

Input: k: frequency parameter
c: potential function
rho: position of jump

o

o

o° oP

Gitte Fregerslev Schmidt
Thesis, DTU Compute, Spring 2014

o° o

—
I

[1;

o

Zero Eigenvalue function
J0 = chebfun( @(1) (besselj(l+1/2,

+1/2, k).*xbesselj(1—1/2, sqgrt(k.”2+c)*rho)...
—bessely (1+1/2, kxrho) .xsqrt (k.”2+c) .+besselj(1+1/2,

(1—1/2, sqgrt(k.”2+c)*rho) ...

+besselj(1+1/2, sqgrt(k.”2+c)*rho) .*k.*bessely(1—-1/2,

besselj (1+1/2, k)....
—besselj (1+1/2, sqgrt(
(1—1/2, k*rho)), [0 k1);

% Roots
r = roots (JO);

% First two values of L
if length(r)<2

mi = fminbnd(J0,0,k);

ma = fminbnd(-J0,0,k);

L = [L round(mi)];

L = [L round(ma)l];

else

mi = fminbnd(J0,0,r(2));
ma = fminbnd(—J0,0,r(2));
L = [L round(mi)];

L = [L round(ma)];

end

o

Choose L as midpoins of the roots

[l o

(L 1'1;

oe

Last value of L
if length(r)>2

mi = fminbnd(J0, r (end—1),k);
ma = fminbnd(—J0,r (end—1),k);

k."2+c) xrho)

.xk.xbessely (1+1/2,

= ((r(2:end)—r(l:end—1))/2 + r(l:end—1));

Output: L: integer values, that are as far away from the zeros
of the function J0 defined below

kxrho) .xsqgrt (k.”2+c) .xbessely (1l...

k) .xbesselj. ..

kxrho) .x...

k) .xbesselj...
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L =1[L (mi)];
L =1[L (ma)l;
end

% L are the integers closest to the above found values.
L = round(L);
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B.3 Operator norm

function [Eig,Eig0,Eigq,L] = operatornorm(k,c,rho)
Input: k: frequency parameter

c: potential function

rho: position of jump

o

o oP

% Output: Eig: Computed operator norm of the Dircihlet—to—Neumann
differenceoperator Lambda_g — Lambda_0

% Eig0: Eigenvalue when g = 0 at chosen L

% Eigg: Eigenvalue when is piecewise constant c,0 at
chosen L

o

L: Number of eigenvalues chosen

Gitte Fregerslev Schmidt
Thesis, DTU Compute, Spring 2014

o° oP

% Initialize

Eig = zeros(l,length(k));
Eig0 = zeros(l,length(k));
Eigg = zeros(1l,length(k))
L = zeros(l,length(k));

’

o

% Loop over all frequencies
for i = 1l:length(k)

% find 1 that need to be investigated

1 = findls(k (i), c,rho);
% Denominator
T = k(i) * (besselj(1+1/2, (k(i)"2+c)”(1/2)~*rho).+bessel](1+3/2, ...

k(i)*rho) )...
— (k(i)"2+c) "~ (1/2) * (besselj(1+3/2, (k(i)"2+c)”(1/2)*rho) .*...
besselj (1+1/2, k(i)*rho) );

% Numerator
N1 = besselj(l+1/2, sqgrt(k(i)”"2+c)*rho).» besselj(1l+3/2, k(i)x*...

rho) . x bessely (1+1/2, k(i));

N2 = besselj(l+1/2, sqgrt(k(i)”2+c)+rho).» besselj(l+1/2, k(i))....
* bessely (1+3/2, k(i) +*rho);

N3 = bessely (1+1/2, k(1)) .x* besselj (1+1/2, k(i)*...
rho) . x besselj (1+3/2, sqgrt(k(i)"2+c)*rho);

N4 = besselj(1+1/2, k(1)) .x bessely (1+1/2, k(i)*...
rho) . * besselj (1+3/2, sqgrt(k(i)"2+c)*rho);

N = k(1)* (N1 — N2) —sqgrt(k(i)"2+c) % (N3 — N4);

% Coefficient
B2 = T./N;

% Parantheses
e = k(1) *( Dbesselj(l+3/2xones(1l,length(l)), k(i)) ./ (besselj(l...
+1/2%ones (1,length(l)), k(i)))...
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.xbessely (1+1/2+xones (1,length(l)), k(i)) — bessely (1+3/2*...
ones (1,length(l)), k(i)));

% Eigenvalues for all 1
eigl = abs(B2).x*abs(e);
% Largest eigenvalue
maxeig = max(eigl);

% Position of largest eigenvalue
id = (eigl==maxeigq);

% Find chosen 1
l_valg = find(id, 1, 'first');
L(i) = 1(1l_valqg);

% Coefficient at L
B2 = B2 (l_valgqg);

% Eigenvalue at L when g = 0
eig0 = L(i) — k(i)~*besselj( L(i)+3/2, k(i)) ./ (besselj( L(i)...

+1/2, k(i)));

% Eigenvalue at L when g = c,0

eigqg = L(i) +k(1)* (B2.xbessely (L (i)+1/2, k(i))—1).+xbesselj(L(i)...
+3/2, k(1)) ./besselj(L(i)+1/2, k(i))...
—B2+k (1) .+xbessely (L(1)+3/2, k(i));

% Load values

Eig0 (i) = abs(eig0);

Eigg(i) = abs(eigq);

Eig (i) = maxeig;
end
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