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Introduction

This thesis introduces a mathematical framework for cell membrane imaging. It
aims at exhibiting the fundamental mechanisms underlying the fact that effective
biological tissue electrical properties and their frequency dependence reflect the tis-
sue composition and physiology. The objectives are twofold: (i) to understand how
the dependence of the effective electrical admittivity measures the complexity of the
cellular organization of the tissue; (ii) to develop electrical tissue property imaging
approaches in order to improve differentiation of tissue pathologies. Mathematical
and numerical models obtained in this thesis could be utilized in studying the dis-
ease status, in monitoring effectiveness of treatment in individual patients. They
may also find diagnostic applications in long term goal.

Biological tissues possess characteristic distributions of electrical conductivity
and permittivity [96]. Conductivity can be regarded as a measure of the ability to
transport charge throughout material’s volume under an applied electric field, while
permittivity is a measure of the ability of the dipoles within a material to rotate (or of
the material to store charge) under an applied external field. At low frequencies, bi-
ological tissues behave like a conductor, but capacitive effects become important at
higher frequencies due to the membranous structures [120, 122]. The electric behav-
ior of a biological tissue under the influence of an electric field at frequency w can
be characterized by its frequency-dependent admittivity k.¢ := 0, ¢(w) + iwe,f(w),
where 0,¢ and €, are respectively its effective conductivity and permittivity.

Electrical impedance spectroscopy assesses the frequency dependence of the ef-
fective admittivity by measuring it across a range of frequencies from a few Hz to
hundreds of MHz. Effective admittivity of biological tissues and its frequency de-
pendence vary with tissue composition, membrane characteristics, intra-and extra-
cellular fluids and other factors.

In this thesis, we prove that admittance spectroscopy provides information about
the microscopic structure of the medium and physiological and pathological condi-
tions of the tissue. Moreover, we propose an optimal control scheme for recon-
structing admittivity distributions from multi-frequency micro-electrical impedance
tomography and prove its local convergence and stability.

In Part I, a homogenization theory is established to quantify the effective admit-
tivity of a tissue described as a cell suspension.

The determination of the effective, or macroscopic, property of a suspension is an
enduring problem in physics [99]. It has been studied by many distinguished scien-
tists, including Maxwell, Poisson [111], Faraday, Rayleigh [113], Fricke [61], Lorentz,
Debye, and Einstein [55]. Many studies have been conducted on approximate ana-



2 INTRODUCTION

lytic expressions for overall admittivity of a cell suspension from the knowledge of
pointwise conductivity distribution, and these studies were mostly restricted to the
simplified model of a strongly dilute suspension of spherical or ellipsoidal cells.

In Chapter 1 we consider a periodic suspension of identical cells of arbitrary
shape. We apply at the boundary of the medium an electric field of frequency w.
The medium outside the cells has an admittivity of kg := oy + iwep. Each cell is
composed of an isotropic homogeneous core of admittivity kg and a thin membrane
of constant thickness J and admittivity k;, := 0y, + iwey,. The thickness J is consid-
ered to be very small relative to the typical cell size and the membrane is considered
very resistive, i.e., 0; < 0p. In this context, the potential in the medium passes an
effective discontinuity over the cell boundary; the jump is proportional to its normal
derivative with a coefficient of the effective thickness, given by 6k /k;;,. The normal
derivative of the potential is continuous across the cell boundaries.

We use homogenization techniques with asymptotic expansions to derive a ho-
mogenized problem and to define an effective admittivity of the medium. We prove
a rigorous convergence of the initial problem to the homogenized problem via two-
scale convergence.

For dilute cell suspensions, we use in Chapter 2 layer potential techniques to ex-
pand the effective admittivity in terms of cell volume fraction. Through the effective
thickness, 6 ko/ky,, the first-order term in this expansion can be expressed in terms
of a membrane polarization tensor, M, that depends on the operating frequency w.
We retrieve the Maxwell-Wagner-Fricke formula for concentric circular-shaped cells.
This explicit formula has been generalized in many directions: in three dimension
for concentric spherical cells; to include higher power terms of the volume fraction
for concentric circular and spherical cells; and to include various shapes such as
concentric, confocal ellipses and ellipsoids; see [35, 36, 58, 59, 60, 95, 119, 120, 122].

The imaginary part of the membrane polarization tensor M is proven to be pos-
itive for 6 small enough. Its two eigenvalues are maximal for frequencies 1/7;,i =
1,2, of order of a few MHz with physically plausible parameters values. This dis-
persion phenomenon well known by the biologists is referred to as the B-dispersion.
The associated characteristic times 7; correspond to Debye relaxation times. Given
this, we show that different microscopic organizations of the medium can be dis-
tinguished via 7;,i = 1,2, alone. The relaxation times 7; are computed numerically
for different configurations: one circular or elliptic cell, two or three cells in close
proximity. The obtained results illustrate the viability of imaging cell suspensions
using the spectral properties of the membrane polarization. The Debye relaxation
times are shown to be able to give the microscopic structure of the medium.

In Chapter 3, we show that our results can be extended to the random case by
considering a randomly deformed periodic medium. We also derive a rigorous ho-
mogenization theory for cells (and hence interfaces) that are randomly deformed
from a periodic structure by random, ergodic, and stationary deformations. We
prove a new formula for the overall conductivity of a dilute suspension of randomly
deformed cells. Again, the spectral properties of the membrane polarization can be
used to classify different microscopic structures of the medium through their Debye
relaxation times. For recent works on effective properties of dilute random media,
we refer to [10, 42].



In Chapter 4 we present some numerical results to illustrate the fact that the
Debye relaxation times are characteristics of microstructures of the tissue. We also
show some numerical results for nondilute suspensions. We observe that in the gen-
eral case, Debye relaxation times, defined in exactly the same way as for dilute sus-
pensions in Chapter 2, are characteristics of microstructures of the tissue. Moreover,
they are invariant with respect to rigid transformations. However, they do depend
on the volume fraction. Therefore, in the general nondilute case, microstructure
classification can only be done for fixed volume fraction. This important finding is
also illustrated here.

In Part II, we propose and analyze an optimal control approach for imaging
the admittivity distributions of biological tissues. We consider the imaging of ad-
mittivity distributions of biological tissues from multi-frequency micro-electrical
impedance data.

Micro-electrical impedance tomography [84, 94] can be used to reconstruct a high
resolution admittivity distribution from internal measurements of electrical poten-
tial at multiple frequencies. The technique uses planar arrays of micro-electrodes
to nondestructively sense thin layers of biological samples [39, 84, 86, 114, 130]. It
has potential applications in cell electrofusion and electroporation, cell culturing,
cell differentiation and drug screening; see [33, 84, 87, 88, 93, 98, 112, 115, 133]. It
is capable of high-resolution imaging. Other methods of electrical tissue property
imaging using internal data are investigated in [11, 13, 14, 15, 27, 63, 123, 124, 132].
Resolution and stability enhancements are achieved from internal measurements
[18, 22, 23].

To solve the admittivity imaging problem from multi-frequency micro-electrical
data, we design an optimal control optimization algorithm. We show that the mini-
mization functional is Fréchet differentiable and we compute its derivative. Then we
construct an initial guess by solving a boundary value problem and prove the con-
vergence of a minimizing sequence. It is worth emphasizing that internal potential
measurements at a single frequency are known to be insufficient for reconstructing
the admittivity distribution.

In Part III, we mathematically formulate the optical imaging of the spatial distri-
butions of the transmembrane potential changes induced in cells by applied external
electric fields. The use of optical detection methods for the measurement of fluores-
cence response to membrane electric fields was reported in the early 1970s. Since
then, considerable advances have been reported [90]. In [68], it has been demon-
strated experimentally that membrane potential changes can be imaged with the
resolution of the optical microscopy. The key feature of this system is the com-
bined use of an external electric field and fluorescence tomography. The fluorescent
indicators are designed in such a way that they respond linearly to the electrical po-
tential jump across the membrane. As shown in this thesis, the application of the
electric field enhances the membrane fluorescence imaging and its sensitivity to the
membrane.

The propagation of light through a highly scattering medium with low absorp-
tion is well described by the diffusion equation [106]. Diffuse optical imaging tech-
niques measure the spatially-dependent absorption and scattering properties of a
tissue. A light source illuminates the tissue, and detectors measure the intensity of
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the exiting light at the boundary of the tissue, after it undergoes multiple scattering
and absorption. One can use these measurements to reconstruct, from the diffusion
equation, a map of the optical parameters of the studied biological tissue [92, 118].

Diffuse optical imaging techniques use near infrared light, because absorption by
biological tissue is minimal at these wavelengths, and one can then produce images
deep in living subjects or samples, up to several centimeters.

These techniques can be used to image fluorescing targets, known as fluorophores,
in tissues. When excited by light at a specific wavelength, fluorophores emit light
at a different wavelength in order to decay to their ground state. Measurements of
emitted light exiting at the boundary of the tissue, combined with measurements
of residual excitation light from sources after it went through the tissue, provide an
insight of the tissue optical properties. More precisely, these measurements allow
us to reconstruct a map of the tissue optical parameters, the distribution of fluo-
rophore concentration, and fluorophore lifetime, which is the time they spend in
their excited state before emitting light [50, 107]. The fluorescent indicators, which
can be chosen with excitation and emission wavelengths in the near infrared light
spectrum, accumulate in specific areas. With such techniques, one can then localize
proteins, cells or diseased tissues, visualize in vivo biological processes, and obtain
measurements of the concentration in tissues of important physiological markers,
such as oxygenated hemoglobin [128, 104, 105]. Detailed structural information as
well as indications of pathology can be obtained from these images.

Part Il provides a mathematical model for spatial distribution of membrane elec-
trical potential changes by fluorescence diffuse optical tomography. The resolving
power of the imaging method in the presence of measurement noise is derived. The
proposed mathematical model can be used for cell membrane tracking with the res-
olution of the optical microscope.

The results in this thesis are from [16, 17, 26].



Part 1

Spectroscopic imaging of a dilute cell
suspension







In Part I, a homogenization theory is derived to describe the effective admit-
tivity of cell suspensions. A new formula is reported for dilute cases that gives
the frequency-dependent effective admittivity with respect to the membrane po-
larization. Different microstructures are shown to be distinguishable via spectro-
scopic measurements of the overall admittivity using the spectral properties of the
membrane polarization. The Debye relaxation times associated with the membrane
polarization tensor are shown to be able to give the microscopic structure of the
medium. A natural measure of the admittivity anisotropy is introduced and its de-
pendence on the frequency of applied current is derived. A Maxwell-Wagner-Fricke
formula is given for concentric circular cells, and the results can be extended to the
random cases. A randomly deformed periodic medium is also considered and a
new formula is derived for the overall admittivity of a dilute suspension of ran-
domly deformed cells.

Part I is organized as follows.

Chapter 1 is devoted to the analysis of the problem. It introduces the problem
settings and state the main results of this work. We prove existence and uniqueness
results and establish useful a priori estimates. We consider a periodic cell suspension
and derive spectral properties of the overall conductivity.

Chapter 2 is devoted to spectroscopic imaging of a dilute suspension. We con-
sider the problem of determining the effective property of a suspension of cells when
the volume fraction goes to zero. We make use of the asymptotic expansion of the ef-
fective admittivity in terms of the volume fraction to image a permittivity inclusion.
We also discuss selective spectroscopic imaging using a pulsed approach. Finally,
we introduce a natural measure of the conductivity anisotropy and derive its de-
pendence on the frequency of applied current.

In Chapter 3 we extend our results to the case of randomly deformed periodic
media. In Chapter 4 we provide numerical examples that support our main findings
in Part L.






Chapter 1

Homogenization of cell membranes

1.1 Problem settings and main results

The aim of this section is to introduce the problem settings and state the main results
of this chapter.
1.1.1 Periodic domain

We consider the probe domain () to be a bounded open set of R? of class C2. The
domain contains a periodic array of cells whose size is controlled by e. Let C be a
C?1 domain being contained in the unit square Y = [0,1]?, see Figure 1.4. Here,
0 <7 < 1and C represents a reference cell. We divide the domain () periodically in
each direction in identical squares (Y, ), of size ¢, where

Yen = en+eY.

Here, n € N, := {n € 7Yy NQ £ @}.
We consider that a cell C; , lives in each small square Y; ;. As shown in Figure 1.3,
all cells are identical, up to a translation and scaling of size ¢, to the reference cell C:

Vn e N, Cep=en+eC.
So are their boundaries (¢, ) en, to the boundary I of C:
Vne N, TIep=en+el.

Let us also assume that all the cells are strictly contained in (), that is for every
n € N, the boundary I’ ,, of the cell C;,, does not intersect the boundary 9Q2:

BQﬂ( U rg,n) = Q.

neN;
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1.1.2 Electrical model of the cell

Set for any open set D of R? :

13(D) := {f € LZ(D)‘ [ fx)ds(x) = o}

and

HY(D) := {f c LZ(D)’|Vf| e L2(D)}.

We consider in this section the reference cell C immersed in a domain D. We
apply a sinusoidal electrical current ¢ € L3(dD) with angular frequency w at the
boundary of D.

The medium outside the cell, D \ C, is a homogeneous isotropic medium with
admittivity ko := 09y + iwep. The cell C is composed of an isotropic homogeneous
core of admittivity kg and a thin membrane of constant thickness  with admittivity
ki := om + iwey,. We make the following assumptions:

op>0,0 >0,e0 >0,€, > 0.

If we apply a sinusoidal current g(x)sin(wt) on the boundary 9D in the low
frequency range below 10 MHz, the resulting time harmonic potential 7 is governed
approximately by

V- (ko + (km — kQ)Xra)Vﬁ) =0 inD
811‘

0% _g/

aD

where T? := {x € C : dist(x,T) < 6} and xps is the characteristic function of the
set I,

The membrane thickness ¢ is considered to be very small compared to the typical
size p of the cell i.e. §/p < 1. According to the transmission condition, the normal
. u .
component of the current density koa— can be regarded as continuous across the
n
thin membrane T'.

o . e
We set B := o Since the membrane is very resistive, i.e. 0y,/09 < 1, the po-
m

tential # in D undergoes a jump across the cell membrane I', which can be approxi-

mated at first order by ﬁkoﬁ. A rigorous proof of this result, based on asymptotic
expansions of layer potentials, can be found in [77].

More precisely, u is the solution of the following equations:
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4

V koVu=0 in D\ C,
V-kOVu =0 in C,
koa—u‘ :koa—u‘ on F,
onl+ onl— (1.1)
u|+—u\—ﬁkgg—Z:O onT,
k B_u‘ = / (x)ds(x) =0 u(x)dx =0
| “onlop & Jop? I/siNe -

Here 7 is the outward unit normal vector and u| 4 (x) denotes lir(gl+ u(x +tn(x)) for
t—

x on the concerned boundary. Likewise, a_u‘ = lim Vu(x £ tn(x)) - n(x).
onl+ -0+

For any open set B in R?, we denote H((B) the Sobolev space H'(B)/C which
can be represented as :

HL(B) = {u e H'(B) | /Bu(x)dx - 0}.

The following result holds.

Theorem 1.1.1. There exists a unique solution u := (u™,u~) in H-(D™) x HY(D™) to
(1.1).

Proof. To prove the well-posedness of (1.1) we introduce the following Hilbert space:
V := H.(D) x H'(D) equipped with the following natural norm for our problem:

Vu € Vully = [Vu©ll 2y + IVuT 2oy + 4" = 47 [l 12
We write the variational formulation of (1.1) as follows:
Find u € V such that forallv := (v",0v7) € V:

/ koVu™t(x)- Vo~ (x) dx+/ koVu™t(x) Vo (x)dx
D+ D~

1 -
+—/u+—u_ ot — o) do(x
g AR RO
Bko 51kol
theory to obtain existence and uniqueness of a solution to problem (1.1). O

=70 87 do(x).

Since Re(kg) = 0p > 0and Re(

> 0, we can apply Lax-Milgram

We finish this section with a few numerical simulations to illustrate the typical
profile of the potential u. We consider an elliptic domain D in which lives an elliptic
cell. We choose to virtually apply at the boundary of D an electrical current ¢ =
e"*30r We take realistic values for our parameters, which are the same as those used
in Chapter 4.

The real and imaginary parts of u outside and inside the cell are represented on
the figure .

We can observe that the potential jumps across the cell membrane. We plot the
outside and inside gradient vector fields (Figure ).
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“' " 0.3

«an”l | 4' ’

Figure 1.1: Real and imaginary parts of the potential u outside and inside the cell.1.1.2

Figure 1.2: Gradient vector fields of the real and imaginary parts of u.1.1.2
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1.1.3 Governing equation

We denote by Q) the medium outside the cells and ), the medium inside the cells:

szﬂﬂ( U Yg/n\@), Q; — U Cgln.

neN; neN;

Set T := | J Ty By definition, the boundaries Q);” and 9Q); of respectively Q)
neN;
and (), satisfy:
an_ — aQ U I_‘g, 808_ — I_‘g.

We apply a sinusoidal current g(x) sin(wt) at x € 9Q), where g € L3(9Q)). The
induced time-harmonic potential u, in () satisfies [77, 108, 109]:

( V-kOVujzo ian,
V-kOVu;:O in Qs_,
+ —
koaaug :koaaug on Fg,
" " (1.2)
n 3 ou;
ug —u, —e,BkOW:O on I,
| —g [ st =0, [ (=0,
an lan 90 of °
\

uf  inQf,
where u, = . _
u, in Q.

Note that the previously introduced constant f, i.e., the ratio between the thick-
ness of the membrane of C and its admittivity, becomes ¢f. Because the cells (C¢,n ) nen,

are in squares of size ¢, the thickness of their membranes is given by & and conse-
quently, a factor ¢ appears.

1.1.4 Main results in the periodic case

Weset Y :=Y\Cand Y~ :=C.
Throughout this chapter, we assume that dist(Y~,9Y) = O(1). We write the
solution u, as

Vx € Q ug(x) = up(x) + euq(x, %) +o(e), (1.3)

with
uf (x,y) inQxY",

— uq(x,y) Y-periodic and uq(x,y) =
y 1(x,y) Y-p 1(x,y) {ul—(x,y)anxY‘.

The following theorem holds.
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Te (6, k)
Q, (ko)
OF (ko)

HE BN

CACNERES

Figure 1.3: Schematic illustration of the periodic medium ().

Figure 1.4: Schematic illustration of a unit period Y.
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Theorem 1.1.2. (i) The solution u, to (1.2) two-scale converges to ug and Vu.(x) two-
scale converges to Vug(x) + xy+(y) Vyuy (x, ) + xy- (v) Vyuy (x,y), where xy+
are the characteristic functions of Y*.

(ii) The function ug in (1.3) is the solution in H}: (Q)) to the following homogenized prob-
lem:

{ V- -K*Vuy(x) =0 inQ,
(1.4)

n-K*Vug =g on dQ},
where K*, the effective admittivity of the medium, is given by

V(i,j) € {1,2}2, K;j]- =k ((51']' + /Y(XerVZUj_ —i—Xy—VZUi_) -€j> , (1.5)

and the function (w;);—1 o are the solutions of the following cell problems:

[V koV (w0 (y) +yi) = nY"t,
VkoV(w; (y) +vi) = nY™,
d J, _
Koo (] (y) + i) = koo (w; (y) +yi) onT, (1.6)
d
w —w; —Bkog(w (y) +yi) =0 onT,
|y wi(y) Y-periodic.

(iii) Moreover, uq can be written as
2 0
Vix,y) e QA xY, ui(x,y) = E_la— (1.7)

We define the integral operator Lr : C>'(T) — CYI(T), with 0 < 7 < 1by

1 [ PIn|x—y]
Er[(P](x)—ﬂ r on(x)on(y)

Lr is the normal derivative of the double layer potential Dr.

Since Lr is positive, one can prove that the operator I + a Ly : C?>(T') — C¥(T)
is a bounded operator and has a bounded inverse provided that Jt« > 0[49, 102].

As the fraction f of the volume occupied by the cells goes to zero, we derive an
expansion of the effective admittivity for arbitrary shaped cells in terms of the vol-
ume fraction. We refer to the suspension, as periodic dilute. The following theorem
holds.

o(y)ds(y), xeT. (1.8)

Theorem 1.1.3. The effective admittivity of a periodic dilute suspension admits the follow-
ing asymptotic expansion:

-1
K* = ko (I+fM < — §M> > +o(f?), (1.9)
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where p = \/|Y~|, f = p?,

M= (M= po [ g ()ds(o)) , (1.10

(i,j)e{1,2}?
and } is defined by
-1
g = (1+BkoLyr)  [ni] (1.11)

1.1.5 Description of the random cells and interfaces

We describe the domains occupied by the cells. As mentioned earlier, they are
formed by randomly deforming a periodic structure. We transform the aforemen-
tioned periodic structure by a random diffeomorphism ® : R? — R?. Let

Ry := |J(n+Y"), Ry:=|J(n+Y"), TI:= ] n+0).
neZ? nez? neZ?

The cells, the environment and the interfaces are hence deformed to ®(R; ), ®(IR;)
and ®(T'). We emphasize that the topology of these sets are the same as before. Fi-
nally, the deformed structure is scaled to size ¢, where 0 < ¢ < 1, by the dilation op-
erator ¢l where I is the identity operator. The final sets ¢P(R; ), ¢®(T') and e®(IR;)
thus are realistic models for the random cells, membranes and the environment for
the biological problem at hand.

To model the cells inside an arbitrary bounded domain () as in (1.2), we would
like to set QO := QO NedP(R;) and Iy := QN edP(I). However, a technicality is
encountered, precisely, the intersection of ¢®(T') with the boundary d(} may not
be empty. In this case, some cells are cut by the boundary of the body, which is
not physically admissible. Moreover, an arbitrary diffeomorphism ® may allow
some deformed cells in e®(IR, ) to get arbitrarily close to each other. This imposes
difficulties for rigorous mathematical analysis. In order to resolve these issues, we
will impose a few conditions on ® and refine the above construction in the next
subsection.

1.1.6 Stationary ergodic setting

Let (O, F,IP) be some probability space on which ®(x,v) : R? x O — R?is defined.
Throughout this chapter, we assume that the space L?(Q}) is separable. For a random
variable X € L1(O,dIP), we will denote its expectation by

EX = [ X()aP()

Throughout this chapter, we assume that the group (Z?, +) acts on O by some
action {7, : O — O}, cz, and that for all n € 72, 1, is IP-preserving, that is,

P(A) =P(1,A), forall A€ F.
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We assume further that the action is ergodic, which means that for any A € F, if
A = A for all n € Z?, then necessarily P(A) € {0,1}.

Following [44], we say that a random process F € L{ (R? L'(0)) is (discrete)
stationary if

Vn € Z?, F(x+n,v) = F(x,7,y) foralmostevery x and 1. (1.12)

Clearly, a deterministic periodic function is a special case of stationary process.
However, we precise that the above notion of stationarity is different from the clas-
sical one, see for instance [103] and [79]. Throughout this chapter, we presume sta-
tionarity in the sense of (1.12) if not stated otherwise. What makes this notion useful
is the following version of ergodic theorem [53, 73].

Proposition 1.1.1. Let F € L®(R?,L(O)) be a stationary random process. Equip Z>
with the norm |n|e = maxq<j<; |n;| for all n € Z2. Then

1

LOO
(2N +1)2 Y. F(x,w7) oo EF(x,-) forae ye€O.

o <N

This implies in particular that if the family {F(:,)} is bounded in L{ (IR?), for some
p € [1,00), then

) - , TP (R2
F (—,f)/) " E (/YP(x, )dx) in L, .(R?) fora.e. v € O.

€
The convergence holds also in the weak-x sense for p = oo,

We assume that for every v € O, ®(-, ) is a diffeomorphsim from R? to R? and
that it satisfies

V®(x, ) is stationary. (1.13)
essinf det(V®(x,v)) =x>0, (1.14)
7€0,x€R?
esssup |V (x,v)|r=«">0, (1.15)
r€0,x€R?

where | - | is the Frobenius norm and ess inf and ess sup are the essential infimum
and the essentiel supremum, respectively. To avoid the intersection of d() and the
random cells e® (IR, ) and the collision of cells, that is when two connected com-
ponents of eP(R; ) get as close as o(¢e), we need the further modification in the
construction of cells. To this end, we assume further that

dist(Y—,9Y
HCI)(/ ’)’) — I(')HLoo(]RZ) % for a.e. vy - O (116)

IN

Note that this implies also that [|[®~! — I||;» < dist(Y~,dY)/2 a.s. in O. Now,
given a bounded and simply connected open set () with smooth boundary and a

small number ¢ < 1, we denote by Q) /. the scaled set {x € R? | ex € O}. Let 61\//8
be the shrunk set

Qe := {x € Q| dist(x, 00 /) > dist(Y™,9Y)}.
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We introduce for n € Z?, Y, and Y, the translated cubes, reference cells and refer-
ence environments: Y, :=n +Y,Y; := n + YT. Let T, C Z? be the indices of cubes

Y, such that Y;, € (/)I; Note that Z; corresponds to N; in the periodic case. We set
), tobe

Q; =) ed(Y,) (1.17)
nel,

and then O = QO \Q_Q We also define the following two notations:

Ec:= ) e®(Y,) and K:=Q\E.. (1.18)

nel;

Clearly, E; encloses all the cells in e®(Y;, ), n € Z, and their immediate surround-
ings e®(Y,); K is a cushion layer near the boundary that prevents the cells from
touching the boundary. From the construction we see that

inf dist(x,0Q) > edist(Y~,9Y) and sup dist(x,9Q) < (3dist(Y~,dY) +V2)e.
xeQ xe€Ke

Furthermore, we can check that

sup inf |x —y| > dist(Y,dY)e.
njelen#j X€e®(Yy)yced(Y;)

This shows that the cells in () are well separated, i.e., with a distance comparable to
(if not much larger than) the size of the cells; see Figure 1.5.

1.1.7 Main results in the random case

The first important result in the random case concerns an auxiliary problem which

produces oscillating test functions that are used in the stochastic homogenization
procedure. In the following theorem, a function £ in W,*(IR?) is said to be an ex-

. 1, . o
tension of f € W 2(Ry ) if f* = fon Ry and || f*![lwrs(x) < C(K R fllws (v iy
for any compact subset K.

The following theorem holds.

Theorem 1.1.4. Let ®(-,7y) be a random diffeomorphism from R? to R? defined on the
probability space (O, F,IP), and assume that (1.13)(1.14)(1.15) hold. For any fixed vector
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Figure 1.5: Schematic illustration of the randomly deformed periodic medium ().
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p € R?, the system

[ Vko(Vw) (y)+p) =0 in ®(R5,7),
V-ko(Vw, (y) +p) =0 in ®(R5, ),
k aw;_ aw; 0 d(T
W(y) - W(]/) = on ®(Iy, ),
dwy; 1.19
w, —w, — ﬁkoa—np(y) =0 on ®(I',7), (1.19)

wy (v, 7) = @, (27 (¥, 7). 7).

Vi, are stationary,

ng’“ € H}

loc

(R?) that extends W) s.t. E (fy Vs (g, -)dy) =0,

\

admits a unique (up to an addition of a random variable) weak solution wy = w; Xo(R}) +
W, Xo(r; ) Where wy € L0, HL (®(R))).

The precise weak formulation of the system above is postponed to Chapter 3,
where the proof of this theorem is given; see (3.1). We remark that the non-unique
additive random variable is not important and what matters is the fact that the gra-
dient Vw, of the solution is unique. The second main result in the random case is
the following homogenization theorem.

Theorem 1.1.5. Let Q) be a bounded and connected open subset of R? with reqular bound-
ary. Let ® be a random diffeomorphism on (O, F,P) satisfying (1.13)(1.14)(1.15)(1.16).
Assume that the cells Q); are constructed as in Section 1.1.6. Then for a.e. v € O, the
solution ug(-,y) = (ug,u; ) of (1.2) satisfies the following properties:

(i) We can extend uS (-, ) tou®(-, ) € H'(Q), where u$(-, ) converges weakly, as
e — 0, to a deterministic function ug € H'(Q).

(ii) The function ue(-,~y) converges strongly in L2(Q) to ug above. Further, let Q be the
trivial extension operator setting Qf = 0 outside the domain of f, and define

-1
0 :=det (]E/qu)(z, -)dz) , 0:=0FE b detV®(z,)dz, (1.20)

where det denotes the determinant. Then, Qu converges weakly to Bug in L?(Q))
with 6 < 1.

iii) The function ug is the unique weak solution in HL(Q) to the homogenized equation
q C 8 q

- K* = (@]
{ \Y4 Vug(x) =0, x € Q, (1.21)

n(x) -K*Vug(x) =g, x€9Q,
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The homogenized admittivity coefficient K* is given by ¥(i,j) € {1,2}?,
K* ko (51] + Q]E / Xq;(y+)vw + ch( wg)(y, ) dy) , (122)

where {e;}2_, is the Euclidean basis of R? and for each p € R?, the pair of functions
(wi w, , Wy, ) is the unique solution to the auxiliary system (1.19).

In the dilute limit p := /|Y~| < 1, we obtain the following approximation of
the effective permittivity for the dilute suspension:

Kj; = ko(I + fEM;j) +o(f), (1.23)
where ¢ accounts for the averaged change of volume due to the random diffeomor-

phism and f := gp? is the volume fraction occupied by the cells ; the polarization
matrix M is defined by

M = k/ b ds(7), 1.24
=Bk [, o B ds) (124

where
$i = —(I+ Bkon - VDyrgr)) ' [114],

with D, -14r) the double layer potential associated to the deformed inclusion scaled
to the unit length scale.

1.2 Analysis of the problem

For a fixed ¢, recall that H.(Q)]") denotes the Sobolev space H!(€);") /C, which can
be represented as

HL(QF) = {ueHl Q) |/ x:0}.
The natural functional space for (1.2) is
We 1= {u =utxS +ux; |ut € HL(O),u™ € Hl(Qg_)},
where xi are the characteristic functions of the sets QOF. We can verify that

1
_ _ 2
lullw, = (V35 22 )+ 1787 By + el = |22, )

defines a norm on W,. In fact, as it will be seen in Proposition 1.2.2, this norm is
equivalent to the standard norm on W, which is

—~

™

N

\_/
Nl—

Il ey erncary = (V8 122y + IV 2oy + 167 122
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1.2.1 Existence and uniqueness of a solution

Problem (1.2) should be understood through its weak formulation as follows: For a
fixed ¢ > 0, find u, € W, such that

/ koVus (x) - Vot (x dx+/ koVu, (x) - Vo= (x)ds(x)

+1
e Jr.

for any function v € Wk,.
Define the sesquilinear form a.(-, -) on We x W, by

(uf — ) () =0 ) (®)ds(x) = [ g7 (x)ds(x),
(1.25)

(ut —u") (vt — v )ds.

(1.26)

v) :/ koVu™- v*dx+/ koVu~ -Vo— dx+
QF ;B T

Associate the following anti-linear form on W; to the boundary data g:
L(u) == utds.
()= 8

The forms a, and ¢ are bounded. Moreover, a; is coercive in the following sense

— — 1 -
wigtatun) = ([ 1P [ 190 Pax) + 5 [ e s > Cluy,

where B := 6(0go + w?epen) / (02, + w?e2,). Consequently, due to the Lax-Milgram
theorem we have existence and uniqueness for (1.2) for each fixed ¢ and for every
v € O. Note that C can be chosen independent of e.
Proposition 1.2.1. Let g € H~'/2(9Q)). There exists a unique u. € We so that

ag(ue, @) = (@), Vo € W, (1.27)

To end this subsection we remark that the two norms on W; are equivalent.

Proposition 1.2.2. The norm || - ||, is equivalent with the standard norm on HE(QF) x
HY(Q);). Moreover, we can find two positive constants C; < C,, independent of e, so that

Cullullwe < [lull gy < Collullwe, (1.28)
forany u € HL(QF) x HY(Qy).
Similar equivalence relation was established by Monsurro [100], whose method

can be adapted easily to the current case. For the sake of completeness, we present
the details in Appendix A.3.
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1.2.2 Energy estimate

For any fixed ¢ € O and a sequence of ¢ — 0, by solving (1.2) we obtain the sequence
u. = uf x7 + u; x; . We obtain some a priori estimates for u,.

We first recall that the extension theorem A.1.2 yields a Poincaré-Wirtinger in-
equality in H: (Q)f") with a constant independent of e. Indeed, Corollary A.2.1 shows
that for all v+ € H}: (Q)), there exists a constant C, independent of ¢, such that

||U+HL2(Q§F) < CHVU+||L2(QS+)'

Similarly, we can find a constant, independent of ¢, by applying the trace theorem
in H'(Q). Using Corollary A.2.2, the following result holds.

Proposition 1.2.3. Let § € H_%(BQ). Forany vy € O, let O = QFf UT. UQ; . Then
there exist constants C's, independent of € and -y, such that the solution u, to (1.2) satisfies
the following estimates:

IVl llizag) +I1Vue ;) < Clrol ™ ligll -y o (129)
lud = ucllizry < Clkol 7 VeB'llgh -y - (1.30)

Proof. By taking ¢ = u, in (1.27), and taking the real part of resultant equality, we
get

IV By + 1V By + (6B M f = g [Bagr,, = R Mg (13D)

Here (g, u) = /a quF ds is the pairing on H~2(2Q) x H2(3Q), for which we have
Q

the estimate

+
1) < gl o 11

+
o < Cullgl-3 oy 14 N

HZ(3Q) —
thanks to the Cauchy - Schwartz inequality and Corollary (A.2.2). C; is here a con-
stant which does not depend on e.

Applying Proposition (1.2.2) yields

g1 )| < Callgl, -y oy el

with a constant C; independent of e.
Using this in (1.31) along with the coercivity of 2 we get

< Cslko| ™t
|uellw, < Calko|™ HSHH% 00

where Cj is still independent of e.
It follows also that

< -1
(8 u) < CaGalkollIgll 300y’

Substitute this estimate into the right-hand side of (1.31), we get the desired esti-
mates. 0
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Next, we apply the extension theorem (Theorem A.1.2) to obtain a bounded se-
quence in H!(Q) for which we can extract a converging subsequence.

Proposition 1.2.4. Suppose that the same conditions of the previous proposition hold. Let
Pt : HY(QOF) — H'(Q) be the extension operator of Theorem A.1.2. Then we have

1P3 2 |11y < Cleol g (1.32)

H™2(30)
and
n 1
P50 = ey < Celkol L+ VBN, 3o

Proof. The first inequality is a direct result of (A.11), (A.11), (A.13) and (1.29). For
the second inequality, we have

1Pt —uellizey = NP — o7 2o
< CVellPyud —ug ||,y + Cel V(P —ug) |20, -
Here, we have used estimate (A.18). Now, ||P§u§r — u;||Lz(r€) = |luf —u; ||L2(F€) is

bounded in (1.30). The second term is bounded from above by
Ce||VPyu || 2 ) + Cell Vi |l 2y < CelllVud Il aar) + Ve l2ar))

where we have used again (A.11). This gives the desired estimates. O

Remark 1.2.1. As a consequence of the previous proposition, we get a sequence in H'(Q)),
namely Piug, which is a good estimate of u. in L%(Q) and from which we can extract a

subsequence weakly converging in H'(Q) and strongly in L?(Q)).

1.3 Homogenization

We follow [8, 9] to derive a homogenized problem for the model with two-scale
asymptotic expansions and to prove a rigorous two-scale convergence. In [100],
the homogenization of an analogue problem is developed and proved with another
method.

1.3.1 Two-scale asymptotic expansions
We assume that the solution u, admits the following two-scale asymptotic expansion
Vx € Q ug(x) = up(x) + eup(x, %) +o(e),

with
u (x,y) nQxY*,

— u1(x,y) Y-periodic and uq(x,y) =
y 1(x,y) Y-p 1(x,y) {ul(x,y)inﬂxY_-

We choose a test function ¢, of the same form as u,:

X
Vx € O, ¢e(x) = @o(x) +8§01(X,E),
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with ¢o smooth in Q), ¢ (x,.) Y-periodic,

@) (x,y) inQ x YT,

oY) = { @7 (x,y) nQx Y,

and (pli smooth in Q) x Y+,

In order to prove items (ii) and (iii) in Theorem 1.1.2, we perform an asymptotic
expansion of the variational formulation (1.27). We thus inject these ansatz in the
variational formulation and only consider the order 0 of the different integrals.

At order 0,

Vue(x) = Vug(x) + Vyu (x, %) +o(e).

Thanks to Lemma 1.3.1, we then have for the two first integrals:
X _ _ X
/Q; ko (Vao(x) + Vyuf (5, 5)) - (Voo(x) + Vo (x, ) ) dx

— /Q /Y+ ko (Vuo(x) + Vyui (x,y)) - (V@o(x) + Vo (x,y)) dxdy + o(e)

and

/Q ko (Vo) + Vg (,5)) - (Vo) + Vi (x, )

€

= /Q /_ ko (Vug(x) + Vyuy (x,)) - (V@y(x) + V@1 (x,y)) dxdy + o(e).

We write the third integral in (1.26) as the sum, over all squares Y, ,, of integrals
on the boundaries I'; ;. We have

e (D) e D) (0 D) - D) o)

Be : :

s

= I (e D - D) (7w ) - 9 (e ) sl

Let xq , be the center of Y¢ , for each n € N,;. We perform Taylor expansions with
respect to the variable x around xq, for all functions (u;)ic(12) and (¢;)ic{1,2} On
Ye n. After the change of variables e(y — yo,,) = x — X(,,, we obtain that

ue(x) = ug(xo) +eur(x,y) +e(y —vonu) - Vuo(xo,n) +o(e),
Pe(x) = @o(xo,n) +e1(x,y) +e(y = you) - Vpo(xo,u) +o0(e).
Consequently, the third integral in the variational formulation (1.27) becomes

82
5 L ) (i (owy) — uy (ony) (9 (o y) ~ 1 (o y) ds(v).
neN, v+ n
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Finally, Lemma 1.3.1 gives us that
1 Y (o — -
e Jr. (e —u) (9 — 9, ) ds
=5 o 0 o) = 5 (5,9) (@ (5,9) =1 (5,9) dxds() + o)
Moreover, we can easily see that

otd :/ Pod .
/mg% 5=/ ,8% s+o(e)

The order 0 of the variational formula is thus given by
/Q /y ko (Vuo(x) + Vyui (x,1)) - (V@ (x) + V@i (x,y)) dxdy
+ /Q /_ ko (Vup(x) + Vyuy (x,y)) - (VP (x) + Vy@y (x,)) dxdy
g 0 ) i ) @ (e9) ~ 97 () ()
— | 87 ds(x) =0.
By taking ¢ = 0, it follows that
/Q/y+ ko (Vuo(x) + Vyui (x,y)) - Vy@; (x,y)dxdy
* /Q /y ko (Vuo(x) + Vyuy (x,y)) - Vy@y (x,y)dxdy
* % /o /r () (x,y) —uy (x,y)) (97 (x,y) — 91 (x,)) dxds(y) =0,

which is exactly the variational formulation of the cell problem (1.6) and definition
(1.7) of u;.

By taking ¢; = 0, we recover the variational formulation of the homogenized
problem (1.4):

/Q /y+ ko (Vuo(x) + Vy“?(x,y)) -V, (x)dxdy
+ /Q /Y ko (Vuo(x) + Vyuy (x,y)) - V@, (x)dxdy

- x)@g(x)ds(x) = 0.
| 87(x)ds(x)
We introduce some function spaces, which will be very useful in the following:

o C°(D) is the space of functions, which are Y - periodic and in C*(D),
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3 L%(D) is the completion of CB"’(D) in the L2-norm,

3 Hﬁ1 (D) is the completion of C{°(D) in the H Lnorm,

L2(Q, Hg (D)) is the space of square integrable functions on () with values in

the space Hﬁl(D),

D(Q)) is the space of infinitely smooth functions with compact support in (),

D(Q, e (D)) is the space of infinitely smooth functions with compact support
in () and with values in the space C;°,

where Dis Y, Y™, Y~ or I.
The following lemma was used in the preceding proof. It follows from [8, Lemma
3.1].

Lemma 1.3.1. Let f be a smooth function. We have

(i) 22/ F(xomy)ds(y //fxydxds ) +0(e);

neN;

(i) [ fe dx_// F(x,y) dxdy + o(e)
and /ng(x,g)dx:/()/yf(x,y)dxdy+o(s).

We prove that the following lemmas hold.
Lemma 1.3.2. The homogenized problem admits a unique solution in HX(QY).

Proof. The effective admittivity can be rewritten as
K = ko/ (Vt +e;) - (Vw_;r-l— ;) dx + ko /Y(Vw; +e) - (Vao; +ej)dx
ﬁ/ Wi —w;)ds, i,j=1,2.
Therefore, it follows that, for & = (&1, &) € R?,
K*¢-& =k /Y+ IVw™ + &?dx + ko /Y IVw™ 4 &dx + % /r lw™ —w™ |*ds,
where w = ), §;w;. Since Rep > 0,
K*¢- &> ko /W V™t + &2dx + ko /Y |Vw™ + ¢|2dx.
Consequently, it follows from [6] that there exist two positive constants C; and C;

such that
C1]€]* < ReK*E - & < Go|¢%

Standard elliptic theory yields existence and uniqueness of a solution to the homog-
enized problem in H. (). O
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1073
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Figure 1.6: Real and imaginary parts of the cell problem solution wy.

Lemma 1.3.3. The cell problen (1.6) admits a unique solution in H}(Y+)/C x H}(Y").

Proof. Let us introduce the Hilbert space
W= {o =0ty + o | (07,07) € BEY) < HU ()
equipped with the norm
ol = 190" [2agyey + 190 2oy + ot =07 220,
We consider the following problem:
( Find w; € Wy such that for all ¢ € W;
[ KoVl W) Vgt v+ [ koVar () VT ()dy

1.33
+%/r (wf —w) (y) (97 —97) (ds(y) = —

\ — /Y koVy;- Vo' (y)dy — /Y koVyi- Vo~ (y)dy.

Lax-Milgram theorem gives us existence and uniqueness of a solution. More-
over, one can show that this ensures the existence of a unique solution in H & (YT)/C x

Hﬁ1 (Y™) for the cell problem (1.6). O

We present in the following numerical examples the real and imaginary parts of
the solutions w; and w; of the cell problems.

1.3.2 Convergence

We present in this section a rigorous proof of the convergence of the initial prob-
lem to the homogenized one. We use for this purpose the two-scale convergence
technique and hence need first of all some bounds on 1, to ensure the convergence.
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Figure 1.7: Real and imaginary parts of the cell problem solution wy.

Figure 1.8: Gradient vector field of the real and imaginary parts of w.

Figure 1.9: Gradient vector field of the real and imaginary parts of w.
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A priori estimates

Theorem 1.3.1. The function u; is uniformly bounded with respect to e in H'(Q)J), i.e.,
there exists a constant C, independent of €, such that

i i) < C-

Proof. Combining (1.29) and Poincaré - Wirtinger inequality, we obtain immediately
the wanted result. O

The proof of the following result follows the one of Lemma 2.8 in [100].

Lemma 1.3.4. There exists a constant C, which does not depend on €, such that for all
v E We:
107 [l 12¢07) < Cliollw,

Proof. We write the norm [|07[[;2(- as a sum over all the cells.

o 120y = X o 1y = X / 1) .

neN; neN;

We perform the change of variable y = % and get

o™ 720y = € Z/ (y)[*dy, (1.34)

where v, (y) :=v (ey) forally € Y- and Y,y =n+ Y~ withn € N,.
Recall that W denotes the following Hilbert space:

Wim {oim oy + 07 xy [(07,07) € HL(YT) x HY(Y) ),
equipped with the norm:
oI5 = IVo* 1204y + V07 2y + 10" = 07 1)

We first prove that there exists a constant C;, independent of ¢, such that for
every v € W:
107 [[2(v—) < Cal[ollw- (1.35)

We proceed by contradiction. Suppose that for any n € IN*, there exists v, € W
such that

. 1
lon 2y =1 and  Jlouflw < —.
1
Since [0, || 2y-) = Land [|[Vo, || 12v-y < [[onllw < 1 Un is bounded in H!(Y ™).

Therefore it converges weakly in H!(Y ™). By compactness, we can extract a subse-
quence, still denoted v;;, such that v, converges strongly in L?(Y ™). We denote by
[ its limit.
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Besides, Vv, converges strongly to 0 in L?(Y ™). We thus have VI = 0 and !
constantin Y.

By applying in Y the trace theorem and Poincaré-Wirtinger inequality to v;/,
one also gets that

_ _ _ c’
103 1 2ry < Nlom = o5 2y + l1ow 12y < llog — o0 2 +C||v;z’_||H1(Y+) < P
Consequently, v, converges strongly to 0in L?(T') and = 0 on T.

We have then | = 0in Y, which leads to a contradiction. This proves (1.35).
We can now find an upper bound to (1.34):

[0 1220y <200 L [ Vo @) Py + [ 1905 )Pdy+ [ [0 (v) =07 () Pas(y).
neN; n n n

After the change of variable x = ¢y, one gets
lo™ 1220y < €Ct (V07 o) + IV 220, +ello™ =07 (132, ) -

Since € < 1, there exists a constant C,, which does not depend on ¢ such that for
every v € W,

7 20y < Callollwe,
which completes the proof. O

Theorem 1.3.2. u_ is uniformly bounded in e in H'(Q),), i.e., there exists a constant C
independent of €, such that

Jug HHl(Qg) <C
Proof. By definition of the norm on W, ||Vu, ||i2(0;) < ||”£||%vg-
We thus have with the result of Lemma 1.3.4:

g 1 oy < Culluelly, (1.36)

with a constant C; which does not depend on «.
Furthermore, using the result of Theorem 1.3.1, there exists a constant C, inde-
pendent of ¢ such that
a(ue, ue)| < Co.

We use the coercivity of a and get a uniform bound in ¢ of u, in We. This bound and

(1.36) complete the proof. O

Two-scale convergence

We first recall the definition of two-scale convergence and a few results of this theory
[5].

Definition 1.3.1. A sequence of functions u. in L>(Q) is said to two-scale converge to a
limit ug belonging to L*(Q x Y) if, for any function v in L*(Q), C4(Y)), we have

tim [ e ()p(e, )dx = [ [ uoley)(x,y)dxdy.
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This notion of two-scale convergence makes sense because of the next compact-
ness theorem.

Theorem 1.3.3. From each bounded sequence u, in L>(Q)), we can extract a subsequence,
and there exists a limit ug € L?>(Q) x Y) such that this subsequence two-scale converges to
up.

Two-scale convergence can be extended to sequences defined on periodic sur-
faces.

Proposition 1.3.1. For any sequence u, in L?>(T;) such that

s/ |ue|?dx < C, (1.37)
Ie

there exists a subsequence, still denoted u, and a limit function ug € L>(Q, L?*(T)) such
that u, two-scale converges to ug in the sense

lim>3/r ue(x)(x, = ds / /Uo x,y)¢(x, y)dxds(y),

e—0
for any function p € L*(Q, C4(Y)).

Remark 1.3.1. If u; and Vu, are bounded in L2(QY), one can prove by using for example [7,
Lemma 2.4.9] that u, verifies the uniform bound (1.37). The two-scale limit on the surface
is then the trace on I of the two-scale limit of ue in Q).

In order to prove item (i) in Theorem 1.1.2, we need the following results.

Lemma 1.3.5. Let the functions (u¢)e be the sequence of solutions of (1.2). There exist
functions u(x) € H'(Q), v (x,y) € L*(Q, Hﬁl(YJr)) and v~ (x,y) € L*>(Q, Hﬁl(Y_))
such that, up to a subsequence,

Us u(x)
X
XQL(E)V”; two-scale converge to Xy+(y) (Vu(x) + Vyv+(x,y)>
_X\o
Xe (;)V”s xy-(y) (Vu(x) + Vyv‘(x,y))

Proof. We denote by ~ the extension by zero of functions on O and Q) in the re-
spective domains Q); and Q.

From the previous estimates, 71 and /V\ﬂsi are bounded sequences in L2(Q)). Up
to a subsequence, they two-scale converge to 7= (x,y) and &*(x,y). Since # and
/V\ﬂgi vanish in QF, so do 7% and ¢*. o

Consider ¢ € D(Q, e (Y))? such that ¢ = 0 for y € Y. By integrating by parts,
it follows that

— . + N X R X
/ Vul (x)-9(x, —)d = —/Q+ u, (x) (chvy (p(x,g) + edivy (p(x,g)> dx.

€
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We take the limit of this equality as e — 0:

- *(x, y)div, §(x, y)dxdy.
/Q/Y+T (x, y)divy 9(x, y)dxdy

Therefore, T does not depend on iy in Y+, i.e., there exists a function u™ € L?(Q)
such that T (x,y) = xy+(y)u™ (x) forall (x,y) € Q x Y.

Take now ¢ € D(Q, C§°(Y))2 such that ¢ = 0 fory € Y~ and divyp = 0.
Similarly, we have

_ B N g X
/ Vul (x)-9(x, —)d = —/QS+ ug (x)divy (p(x,g)dx,
and thus
+
/ L ¢ (x,y) - p(x,y)dxdy = / /Y+ x)divy ¢(x, y)dxdy. (1.38)

For ¢ independent of y, this implies that u™ € H'(Q). Furthermore, if we inte-
grate by parts the right-hand side of (1.38), we get

/ ve T (x,y) - o(x, y)dxdy = / ut(x) - 9(x,y)dxdy,

forall ¢ € D(Q, Cj‘j’o(}(*))2 such that div,¢ = 0 and ¢(x,y) -n(y) = 0foryonT.
Since the orthogonal of the divergence-free functions are exactly the gradients,
there exists a function v+ € L?(Q, H; (Y™)) such that

¢ (v y) = xy+(y) (Vu' (x) + Vyo' (x,y)),

forall (x,y) € Q x Y.
Likewise, there exist functions u~ € H'(Q) and v~ € L?(Q), H& (Y7)) such that

T (% y) = xy-Wu (x), and & (x,y) = xv-(y) (Vu~ (x) + Vyo~ (x,y)),

forall (x,y) e QA x Y.
Furthermore, thanks to Remark 1.3.1, we have also

e/E uE(x)g( dx —>/ / @(x,y)dxdy,

e—0

for all ¢ € L?(Q), ().
Recall that 1 is a solution to the following variational form:

/ koVut (x) - Vg (x dx+/ koVu (x) - Vg (x)dx

8[5/ F-9. ds—ko/ g9 ds =0,

forall (¢, ¢;) € (H'(QOF), H' ().
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We multiply this equality by ? and take the limit when ¢ goes to 0. The first two
terms disappear and we obtain, for all (¢™, ¢~) € D(Q, CF(Y")) x D(Q, C(Y7)):

5 0 @)~ ()@ ) -7 ()dxdy =0

Thus u™(x) = u(x) for all x € Q, and u, two-scale converges to u = u™ =
u~ € HY(Q). This completes the proof. O

Now, we are ready to prove Theorem 1.1.2. For this, we need to show that u, v
and v~ are respectively ug, solution of the homogenized problem (up to a constant),
uf defined in (1.7) (up to a constant) and u; defined in (1.7). The uniqueness of a
solution for the homogenized problem and the cell problems will then allow us to
conclude the convergence, not only up to a subsequence.

Proof. We first want to retrieve the expression of u; as a test function of the deriva-
tives of 1y and the cell problem solutions w;.
We choose in the variational formulation (1.25) a function ¢, of the form

pe(x) = ep(x, %),

where @1 € D(Q, C°(Y™")) x D(Q, C°(Y7)).

Lemma 1.3.5 shows the two-scale convergence of the following three terms:

/Q+ koVug (x) - Vo (x)dx — /Q/Y+k0 (Vu(x) + Vo' (x,y)) - Vyg; (x,y)dxdy

e—0

/Qg koVug (x)- Vo, (x)dx — ./Q/_ko (Vu(x) +Vyo~(x,y)) - Vyo; (x,y)dxdy

e—0

| g@p isx) — 0

e—0

We can not take directly the limit as ¢ — 0 in the last term:

% | (e (1) — g () () = 6, (x))ds(v)

_1 i) 1 i AN X
= J 0 ) = () (9 (0 ) =91 () ().
Lemma A 4.1 ensures the existence of a function 6 € (D((Q, HI}(YJF)) x D(Q, Hé(Y‘)))2
such that for all ¢ € Hﬁl(Y*)/C X H&(Y‘) :
Vet ey + [ V)-8 (ny)y

+ /F (W ) -9~ () (@7 (v y) — 91 (x,y)) ds(y) = 0.
(1.39)
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We make the change of variables y = z, sum over all (Y¢.)nen,, and choose
Y = u. to get

[ 0= ) (9 0 5) 9 0 ) o) =

_ e Ty ot _/ —(r Voo (x
/Q£+ Vu, (x,s) 0 (x,e)dx o Vu, (x,e) 0 (x,e)dx.

We can now take the limit as € goes to 0:

X X

lim [ (a8 () = g (0) (9 (. 3) = 1 (7)) ds(x) =

— /Y+ (Vu(x) 4+ Vyo'(x,y)) ~§+(x,y)dxdy — /Y_ (Vu(x) + Vyo (x,y)) -0 (x,y)dxdy.

Finally, the variational formula (1.39) gives us

X

lim [ (uf (x) — ug (0) (91 (5, 2) =7 (v, 2) ) ds(x) =

e—0 JT,

/Q/r (0" () —o~W) (1 (x,y) — 9y (x,y)) ds(y).

For ¢:(x) = eg1(x, %),with p1 € D(Q, C§’°(Y+)) x D(€Q, CF°(Y™)), the two-scale

limit of the variational formula is

/Q /Y ko (Vu(x) + Vot (x,y)) - V@7 (v, y)dxdy
n /Q / ko (Vu(x) + V4o~ (6,9)) - Vy@r (x,y)dxdy
*% | @ @) =) @ (y) =7 () ds(y) = 0.

By density, this formula hold true for ¢; € L?(Q, H&(Y*)) x L2(Q), H;(Y’)).

One can recognize the formula verified by uli and the definition of the cell problems.
Hence, separation of variables and uniqueness of the solutions of the cell problems
in W give
_ _ auo _
v (x,y) = U = Z a_xi(x)wi (v)

i=1,2

and, up to a constant:

ou
ot () =i = X S (0w ().
i=1,2 9%

We now choose in the variational formula verified by u, a test function ¢¢(x) =

¢(x), with ¢ € C(Q)).
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The limit of (1.25) as e goes to 0 is then given by
/Q/Y+k0 (Vu(x) 4+ Vo' (x,y)) - Vo(x)dxdy
+/Q/k0 (Vu(x) + Vo~ (x,y)) - Vo(x)dxdy

+ x)¢(x)ds(x) = 0.

[ g(x)p(0)ds(x)
By density, this formula hold true for ¢ € H!(Q), which leads exactly to the varia-
tional formula of the homogenized problem (1.4). Since the solution of this problem
is unique in H%:(Q), ue converges to ug, not only up to a subsequence. Likewise,
Vi, two-scale converges to Vi + xy+ Vyui + xy- Vyuy . O



Chapter 2

Effective admittivity for a dilute
suspension and spectroscopic imaging

2.1 Effective admittivity for a dilute suspension

In general, the effective admittivity given by formula (1.5) can not be computed ex-
actly except for a few configurations. In this section, we consider the problem of
determining the effective property of a suspension of cells when the volume frac-
tion |Y ™| goes to zero. In other words, the cells have much less volume than the
medium surrounding them. This kind of suspension is called dilute. Many approxi-
mations for the effective properties of composites are based on the solution for dilute
suspension.

211 Computation of the effective admittivity

We investigate the periodic double-layer potential used in calculating effective per-
mittivity of a suspension of cells. We introduce the periodic Green function G, for
the Laplace equation in Y, given by

6127(11~x

Vx € Y, Gﬁ(X) = Z W

neZ2\{0}

The following lemma from [32, 29] plays an essential role in deriving the effective
properties of a suspension in the dilute limit.

Lemma 2.1.1. The periodic Green function Gy admits the following decomposition:

1
Vx €Y, Gy(x) = Eln |x| + Ra(x), (2.1)

where Ry is a smooth function with the following Taylor expansion at O:

Ra(x) = Ra(0) — 3 (3 +3) +O(|xf*). 2)
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Let L3(T) := {go € L2(T ‘/ x)ds(x) —0}
We define the periodic double-layer potential Dr of the density function ¢ €
L3(T):

d
= [ 30y Celx — v)p)isty).
The double-layer potential has the following properties [29].
Lemma 2.1.2. Let ¢ € L3(T). Dr[g] verifies:

(i) ADrlg] =0 inY®,
ADr[p] =0 inY",

) d ~ d ~

(ii) %Dp[q)]h %Dr[(p]\ onT,

(iii) ﬁr[go]‘i = (:F%I—Hzr) ] onT,

where K : L3(T) +— L3(T) is the Neumann—Poincaré operator defined by
~ d
Vel Krlellx) = | 5, Cilx = )e()ds(y).

The following integral representation formula holds.

Theorem 2.1.1. Let w; be the unique solution in W of (1.6) for i = 1,2. w; admits the
following integral representation in Y:

~ ~ 1\ —1
w; = —Bko Dr I+ PkoLr)  [n], (2.3)

~ dD . .
where Lt = a_nr and n = (n;);—1 5 is the outward unit normal to T.

N\ -1
Proof. Let ¢ := —PBko <I + ,BkOL',) [n]. ¢ verifies :

[ owyisty) = —pko [ = (Brloly) +y)ds(y) = o.

The first equality comes from the definition of ¢ and the second from an integration
by parts and the fact that Dr[¢] and I are harmonic. Consequently, ¢ € L3(T).
We now introduce V; := Dr[¢]. V; is solution to the following problem:

(V kVV;=0 in Yt,
V- kVVi=0 inY~,
Vi aV;
05, N = 05, |_ onT,
Vz"+—Vi|—:§0 onl,
L ¥ — Vi(y) Y-periodic.
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We use the definitions of ¢ and V; and recognize that the last problem is exactly
problem (1.6). The uniqueness of the solution in W gives us the wanted result. [

From Theorem 1.1.2, the effective admittivity of the medium K* is given by

V(i,j) € {1,2}2, Kz*,] = ko ((51] —i—/vai . e]) .

After an integration by parts, we get
v(i,j) € {1,2}*,  Ki=ko <5ij +/8Y wi(y)ni(y)ds(y) — /r (w;" —w;) nj(y) ds(y)) :

Because of the Y-periodicity of w;, we have: /a w;(y)n;ds(y) = 0.
Y

Finally, the integral representation 2.3 gives us that

N1
\V/(l,]) c {1,2}2, K;k’] = ko <51] — (,Bko) /1; (I —+ ﬁkoﬁr) [Tli]n]' dS(y)) .
We consider that we are in the context of a dilute suspension, i.e., the size of the

cell is small compared to the square: }Y‘] < |Y| = 1. We perform the change of
variable: z = p~ !y with p = |Y~|2 and obtain that

Vi) € (L2, K=k (8= (ko) [ (1+epalr) (e (2)as(2) )

where 1 is the outward unit normal to I'. Note that, in the same way as before, 8
becomes p when we rescale the cell.

-1
Let us introduce ¢; = — <I —|—pﬁk0£r) [n;] and ;(z) = @;(pz) forallz € p~'T
From (2.1), we get, for any z € p~ T, after changes of variable in the integrals:

Erlo(e2) = 5 Prlpl(02) = 97 5Dy wlp)@) + 5 [ s Ralpz =)o py)ds(y)

-1

Besides, the expansion (2.2) gives us that the estimate

VRa(p(z—)) -n(y) = =5z —y)-n(y) + 0(%),

holds uniformly inz,y € p~'T
We thus get the following expansion:

Lelgl(o) = p ' Lprl9)@) = & 1wy [ mn()ds(y) +O(6).
i P
Using ¢ defined by (1. 11) we get on p~ T

b= i+ PR X ¥ [ i) + O, 24
] 1,2
By iterating the formula (2 4), we obtain on p T that
¥i = i + Bk’ th]/ W)9; V)ds(y) +O(6*)
] 1,2

Therefore, one can easily see that Theorem 1.1.3 holds.
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2.1.2 Case of concentric circular-shaped cells: the Maxwell-Wagner-
Fricke formula

We consider in this section that the cells are disks of radius ry. o~'T becomes a circle
of radius r.
For all g € L?((0,27)), we introduce the Fourier coefficients:

1

27 .
vm e Z, §(m) =5 /O g(@)e™"de,

and have then for all ¢ € (0,27) :

[ee]

gle) = Y. &(m)e™?.

m=—oo

For f € C*(p~IT), we obtain after a few computations:

-1
v6 €]0,27t[, (I+ BkoL,1p) '[f1(6) = ) (1+ﬁk0 |2”—|) f(n)e™®,

nezx 1o
Forp=1,2,¢; = —(I + [Bkoﬁp—lr)_l [n,] then have the following expression:
f_ Bko\ ™
Consequently, we get for (p,q) € {1,2}*:

ﬁkoﬂro
Mp,q = —0pg——7-

and hence,

1trodw (€00 — €90m)
Cx _
SMpq = 0pg

5, ; 5, (2.5)
(Um—i—aoz—ro) +w (€m+€02_r0)

Formula (2.5) is the two-dimensional version of the Maxwell-Wagner-Fricke for-
mula, which gives the effective admittivity of a dilute suspension of spherical cells
covered by a thin membrane.

An explicit formula for the case of elliptic cells can be derived by using the spec-
trum of the integral operator £, i, which can be identified by standard Fourier
methods [76].

2.1.3 Debye relaxation times

From (2.5), it follows that the imaginary part of the membrane polarization attains
its maximum with respect to the frequency at

1 _Um_HTO%

€m+€0?
0
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This dispersion phenomenon due to the membrane polarization is well known and
referred to as the B-dispersion. The associated characteristic time T corresponds to
a Debye relaxation time.

For arbitrary-shaped cells, we define the first and second Debye relaxation times,
T,i=1,2,by

% 1= arg max Ai(w)], (2.6)

where A1 < A, are the eigenvalues of the imaginary part of the membrane polariza-
tion tensor M(w). Note that if the cell is of circular shape, A; = A,.

As it will be shown later, the Debye relaxation times can be used for identifying
the microstructure.

2.1.4 Properties of the membrane polarization tensor and the De-
bye relaxation times

In this subsection, we derive important properties of the membrane polarization
tensor and the Debye relaxation times defined respectively by (1.10) and (2.6). In
particular, we prove that the Debye relaxation times are invariant with respect to
translation, scaling, and rotation of the cell.

First, since the kernel of £ o-1T is invariant with respect to translation, it follows
that M(C, Bko) is invariant with respect to translation of the cell C.

Next, from the scaling properties of the kernel of £, -1 we have

M(sC, ko) = s>M(C, ﬁT’“))

for any scaling parameter s > 0.
Finally, we have

M(RC, Bkg) = RM(C, ,Bko)Rt for any rotation R,

where t denotes the transpose.
Therefore, the Debye relaxation times are translation and rotation invariant. More-
over, for scaling, we have

7;(hC, Bko) = 7;(C, %ko), i=1,2, h>0.
Since f is proportional to the thickness of the cell membrane, 8/h is nothing else
than the real rescaled coefficient B for the cell C. The Debye relaxation times (7;) are
therefore invariant by scaling.

Since L, -1y is self-adjoint, it follows that M is symmetric. Finally, we show posi-
tivity of the imaginary part of the matrix M for  small enough.

We consider that the cell contour I' can be parametrized by polar coordinates.

We have, up to O(5%),

M+ o lT| = —p2 /p_1r nC,ip[n]ds, 2.7)
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where again we have assumed that cp = 1 and ¢y = 0.

Recall that
00y, . Owey,

= — i :
02 +w?ed, 02+ wied

p
Hence, the positivity of £,y yields

OWey,
SM > T|I
SM2 @ rwtd)

for 6 small enough, where I is the identity matrix.

Finally, by using (2.7) one can see that the eigenvalues of 3 M have one maxi-
mum each with respect to the frequency. Let [;,i = 1,2, Iy > I, be the eigenvalues
of fp—lr nL,r[nlds. We have

202We o
l.
(0 + w2

Swey,
A= | —
@)

i=1,2. (2.8)

Therefore, T is the inverse of the positive root of the following polynomial in w:

—&h |T|w* + 662, 0,l;000* + op |T|.

2.1.5 Anisotropy measure

Anisotropic electrical properties can be found in biological tissues such as muscles
and nerves. In this subsection, based on formula (1.9), we introduce a natural mea-
sure of the conductivity anisotropy and derive its dependence on the frequency of
applied current. Assessment of electrical anisotropy of muscle may have useful
clinical application. Because neuromuscular diseases produce substantial patholog-
ical changes, the anisotropic pattern of the muscle is likely to be highly disturbed
[47, 62]. Neuromuscular diseases could lead to a reduction in anisotropy for a range
of frequencies as the muscle fibers are replaced by isotropic tissue.

Let A1 < A; be the eigenvalues of the imaginary part of the membrane polariza-
tion tensor M(w). The function

/\1 (w)
/\2(60)

can be used as a measure of the anisotropy of the conductivity of a dilute suspension.
Assume €y = 0. As frequency w increases, the factor Bky decreases. Therefore, for
large w, using the expansions in (2.8) we obtain that

/\1 ((U)
/\2((,(])

where [; < I, are the eigenvalues of fp‘lf nL,ar [n]ds.

w —

2000
(7 + w?eg,) [T

=14+ (1 — ) +0(s%), (2.9)

Formula (2.9) shows that as the frequency increases, the conductivity anisotropy
decreases. The anisotropic information can not be captured for

1 20
W —((I) — L) 229 _ 52172
Em IT|
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2.2 Spectroscopic imaging of a dilute suspension

2.2.1 Spectroscopic conductivity imaging

We now make use of the asymptotic expansion of the effective admittivity in terms
of the volume fraction f = p? to image a permittivity inclusion. Consider D to be
a bounded domain in () with admittivity 1 + fM(w), where M(w) is a membrane
polarization tensor and f is the volume fraction of the suspension in D. The inclu-
sion D models a suspension of cells in the background Q). For simplicity, we neglect
the permittivity €y of () and assume that its conductivity op = 1. We also assume
that M(w) is isotropic. At the macroscopic scale, if we inject a current g on d(), then
the electric potential satisfies:

V- (14 fM(w)xp)Vu=0 in Q,

: 2.10
%‘BQ & /an(X)ds(x) =0, /Qu(x)dx =0. (2.10)

The imaging problem is to detect and characterize D from measurements of u on
0Q).

Integrating by parts and using the trace theorem for the double-layer potential
[49, 102], we obtain, V x € 0Q),

%u(x) o /m wu(y)ds(y) 4o [ gt nlx = ylas(y)

27T Ix—y|2

(2.11)
/ Vu(y y‘ldy

Since f is small,

G-y) ()
fyomo =gt = [ 2=y

holds uniformly for x € d(), where U is the background solution, that is,

AU =0 in (),

ou
E /Q U(x)dx = 0.

Therefore, taking the imaginary part of (2.11) yields

3300 + 5 [ BT quasy) = Lom) [ vuw) F= Ny,

(2.12)
uniformly for x € J(), provided that g is real. Finally, taking the argument of the
maximum of the right-hand side in (2.12) with respect to the frequency w gives the
Debye relaxation time of the suspension in D.
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2.2.2 Selective spectroscopic imaging

A challenging applied problem is to design a selective spectroscopic imaging ap-
proach for suspensions of cells. Using a pulsed imaging approach [71, 78], we pro-
pose a simple way to selectively image dilute suspensions. Again, we assume for
the sake of simplicity that g = 0 and 0p = 1.

In the time-dependant regime, the electrical model for the cell (1.1) is replaced
with

u(x,t) = / fi(w)it(x, w)e“tdew,

where 71(x, w) is the solution to

Ad(-,w) =0 in D\ C,
Ad(-,w) =0 in C,
E)ﬁ(-,w)‘ _ aﬁ(-,w)‘ on T
an |+ on |- ’ (2.13)
R R a1 (-, w)
a(, w)ly —a(, w)l- = flw)—5 =0 onT,
(-, w)| . B
[ on ‘BD f aDu( rw)ds =0,

and
h(t) = /fz(w)ei“’tdw

is the pulse shape. The support of / is assumed to be compact.
At the macroscopic scale, if we inject a pulsed current, g(x)h(t), on 9}, then the
electric potential u(x, t) in the presence of a suspension occupying D is given by

u(x, t) = /fz(w)ﬁ(x,w)ei“’tdw,

where
V-(1+ fM(w)xp)Vi(,w)=0 in Q,

a1 (-, w) B R B
5 ’aﬂ =g, /aQu( ,w)ds = 0.

Assume that we are in the presence of two suspensions occupying the domains D
and D; inside Q). From (2.11) it follows that

gilne)+ g [ ED i wsty) + 5 [ s inl = yldsto)

~ f—71_CM1(w) /D VU(y) - (;__;/édy-i— ;—72_[M2(a;) /D2 vU(y) - |(;C__;|)2dy,
(2.14)
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and therefore,

%u(x,ﬂ + % /| %u@, is(y) + 5-h(e) [ gy)Infx — ylds(y)

Mo [, v E= B+ Lo | vu) 5Ny

(2.15)

uniformly in x € dQ) and t € supp h, where
)= [ @) Mi(@)e“'de, i=1,2.

As it will be shown in chapter 4, by comparing the Debye relaxation times associated
to M; and M, one can design the pulse shape / in order to image selectively D; or
D,. For example, one can selectively image D; by taking /i(w) close to zero around
the Debye relaxation time of M, and close to one around the Debye relaxation time
of Ml-

2.2.3 Spectroscopic measurement of anisotropy

In this subsection we assume that M is anisotropic and consider the solution u to
(2.10). We want to assess the anisotropy of the inclusion D of admittivity 1+ fM(w)
from measurements of u on the boundary 0Q).

From (2.12) it follows that

/m g(x) B%u(x) o o B Sut)ds(o)|as)

M(w)VU(y) - VU(y)dy,

(2.16)

provided that g is real. Now, taking constant current sources corresponding to ¢ =
a - n, where a € R? is a unit vector, yields

Sla] = /an(x) [%%u(x)+i/m w%u(y)ds(y)]ds(x) ~ %%M(w)|a|2|D|.

27 |x — y|?
Since
min, S[a]  M(w)
max, Sla] — Ay(w)’
where Aj and A; (with A; < Aj) are the eigenvalues of S, it follows from subsec-
tion 2.1.5 that

min, S[a]
max, S[a]
is a natural measure of conductivity anisotropy. This measure may be used for the

detection and classification of neuromuscular diseases via measurement of muscle
anisotropy [47, 62].
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Chapter 3

Stochastic homogenization of
randomly deformed membranes

The first main result of this section is to show that a rigorous homogenization theory
can be derived when the cells (and hence interfaces) are randomly deformed from
a periodic structure, and the random deformation is ergodic and stationary in the
sense of (1.12).

3.1 Auxiliary problem: proof of Theorem 1.1.4

In this subsection, we prove Theorem 1.1.4 about the existence and uniqueness of
the auxiliary problem. This is the key step in stochastic homogenization. The main
difficulty is due to the fact that one does not have compactness in the general sta-
tionary ergodic setting.

We first make the weak formulation of the system (1.19) precise. To this end, we
introduce the space H := L?>(O, H., (Ry) x H\ (R;)) and the space Hs which is a
subspace of H where the elements are stationary. Define also the space H := {w =
Wo®d | @ € H} and the space Hs := {w =wod ! | @ € Hg}.

We say that w, = wjxq,(ﬂq) + Wy Xo(R;) € H is a weak solution to (1.19) if Vw,,

is stationary and for all ¢ € H with compact support K C R?, it holds that

KN®(Ry,7) olp + Vi) - Vdxt KN®(R; ,7) o(p+Vuw,) Vedx 3.1)
1 .
- 5w —wp — Bkop) (" — 9 )ds(x) =0,
* KN®(T,7) ‘B(wp Wy B OP)((P @ ) s(x)

Since the integrals above does not control ||w || 2(0,12 ((R:))) and the space H does

loc

not possess Poincaré inequality, the existence of weak solutions is not immediate.
Our strategy which is standard is as follows: First, an absorption term is added
to regularize the problem. The sequence of regularized solutions, which correspond
to a sequence of vanishing regularization, have a converging gradient. Secondly,
the potential field corresponds to the limiting gradient is shown to be a solution
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to the auxiliary problem. Finally, using regularity results and sub-linear growth of
potential field with stationary gradient, we prove that the gradient of the solution
to the auxiliary problem is unique.

Proof of Theorem 1.1.4. Step 1: The regularized auxiliary problem. Fix p € R?. Consider
the following regularized problem where an absorption & > 0 is added.

—V ko(Vws,(y) +p) +awy, =0 in  O(R;,7),
n- koVw;,,x(y) =n-koVw,,(y), in ®T2,7),
Wy — Wpa = Pkon - (Vw,, +p) in CI’(F 7)),
;t (y, ’Y) w,, @ (@ (y,7),7), and p . are stationary.

(3.2)
W,
w

We first construct a solution for the above equation in Hg in a sense weaker than
(3.1) as follows. It can be verified that Hs equipped with the inner product

(u,v)HS:IE(/+Vﬁ~V5dx+/ Vﬁ~V5dx+/ﬁ5dx).
Y - Y

is a Hilbert space. For any fixed & > 0, define the bilinear form A, : Hs x Hs — R
by

Ay(u,v) =E (/ koVu™ - Votdx +/ koVu~ -Vo—dx
DY) (Y7)

B
—i—zx[b(y) uvdx—i—ﬁ[b(ro)(u u )(vt —vo )ds),

and the linear functional b, : Hs — R by

by(v) = —koE <[D(Y+) p-Vordx + [D(Y—) p-Vodx+ /CD(FO)(n(x) -p) (vt — v‘)(x)ds(x)) :

We verify that A, is bounded and coercive, and bp is bounded. By the Lax-Milgram
theorem, there exists a unique element Wy, € Hs satistying

Ax(Wpa, @) = bp(@), Vo € Hs. (3.3)

By choosing ¢ to be w), o, we obtain the estimates:

. . o . C
E [ IVagl<c, ]E/FO - TP <C B[ w64

Next we argue that for almost all v € O, the solution wp (-, ) above satisfies
(3.2) in the usual distributional sense. That is, for any ¢(x) € C*(Ry) NC*(R;),
whose support is a compact set K C R?, we have

k Vuw,,) Vod k Vw: ) -Vod
/I<ﬁq)(IRz+,'y) O(P"‘ wp,vc) pax + Kno(R; 1) 0(P+ wp,a) pax

— Lo+ —— _
+oc/l<wp,a(pdx—|—/lm¢(r2m E(wP —wy, — Bkop) (@t — 9 )ds(x) = 0.

(3.5)
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Indeed, due to the regularization, the above problem (with a fixed v € O) admits
a unique solution in the space Hlloc(CI)(]Rzr,’y)) x HL (®(R;,7)). It can be veri-
fied that the solution w) (-, ) is stationary and satisfies (3.3); therefore, it must
agree with the solution provided by the Lax-Milgram theorem. As a consequence,
wp,q(x,7) is also a weak solution in H to (1.19) in the sense of (3.1).

Applying Corollary A.1.1 and Corollary A.1.2 to the family {@p,q }+, We obtain a
family {@$% = P@} . }o C L*(O, Hy, (R?)) and a family {w$ = Pyw)), }o. Further,

{we’(t},x are stationary. They satisfy that we"t = w‘;,xutc o ®~ ! and that

]E/ |V~eXt’2<C ]E/ ’wext_wpa’2<c ]E/ |~ext‘2< E (3.6)

Step 2: Extraction of a converging subsequence. The family {weXt},X may be studied

from two view points. Firstly, they form a bounded family in Hg. Secondly, they
belong to H and for any compact set K C IR?, the estimates (3.6) imply that
]E/ ’V~ext|2 < C( ), E ‘wext _w’;a‘z < C , (X]E/ ’~ext‘2 < C )
(3.7)
From the first point of view, there exists a subsequence, still denoted by Vw‘;,";,
which converges weakly as a | 0 to a function 75" € [LZ(O, L2 (R?)]*> where the

I'nK

subscript S indicates stationary. By a change of variable, we also have that Vwe"t

converges in [L*(O, L}, (R?)]* to 75 an

15 (Y, ) = V¥ (v, N7 F,7), (3.8)

where ¥ = ®~! and 7 = ¥(y). Moreover, as gradients, V@3 and V,w$Y are curl
free. This property is preserved by their limits:

Ay, (11;1); = 3y (1;)in 9, (775 = 0, (775" )i, 1,7 € {1,2}.

That is to say, 172’“ and 77, are also gradient functions. Consequently, there exist w};

and @} such that 7 = V,wi* and 75X = V@5, The relation (3.8) implies that
wi(y) = @ (Y (y, ),r) + Cp('y) where Cp(7) is a random constant. We hence
re-define weXt by adding to it the random variable C), so that w%’“ = ngf oY. By
the same token, we have that V@, , and Vw, , converge (along the above sub-
sequence) to 7, € [L3(O, L} (R _))]2 and 1, € [L*(O, L} (®(R;)))]* respec-
tively. In addition, for some @, € L*(O,H, (R;)) and w, € L*(O, H} (R;))
satisfying that w, = @, o ¥, we have 7j, = V@, and 7, = Vw,. Similarly,

~ext ext

ext

due to the second bound in (3.6), one observes that {(@ps — @pa ‘ }a converges

(through a subsequence) to some {, € L3(O, L% (T)). Agam by a change of vari-

able, {(wys — W, 4 )a(r) ta converges to certain {), € L2(O, L2 (T)) and it holds that

Cpa loc
{p = {po¥. Finally, since @< is stationary, one has E Iy Vywe"tdy = 0. Passing to
the limit, we get

mext
P&

E / V@ () d = 0. (3.9)
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Now, from the second point of view and the estimate (3.7), we can choose a
further subsequence of the converging subsequence obtained from the first view

point, still denoted by {@y,.}« and so on, such that the family V&$} converges in
L2(O, [L},(R?)]?) to 75, {pr“},x converges to 7, and {(@5F — @},4) | }a con-
verges in L2(O, L% (T)) to {,. We then verify that these functlons are stationary,
and by the ergodic theorem they agree with the limits 75X, 77, and {p obtained
from the first point of view. As a result, we take expectation on the weak formu-
lation (3.5), and then pass to the limit and obtain (3.1). In other words, the limit

wg"txcp(mgﬁ) T Wy Xor,) € H provides a weak solution to (1.19) in the sense of
(3.1).

Step 3: Uniqueness of the auxiliary problem. It remains to show that the auxiliary
equation has unique solution. Suppose otherwise, then there exist v and v, satis-
fying (3.1) with p = 0. In addition, there is an extension of 3] denoted by 78!, such
that

Vg is stationary, and E / Va§tdx = 0.

In the weak formulation of the equations satisfied by (v7, vy ), take this function
itself as the test function and integrate over ®(NY) for a large integer N. We get

]E/ ko|w0+|2dx+]E/ ko| Voy Pdx
(NYNRY) R, )

+11E/ o 2ds = E ko(1 - Vo Yor ds.
’B NYNI ‘UO vo, ° aq)(NY) 0(” UO )UO °

By the elliptic regularity theory adapted to the space H, we know that v§ and v,
are in LS(O WS (@(R))) and L3(O, Wl’s( R, )) for some s > 2. This is is true also

loc
for 3] and 7. To summarize, we have V&§*' is stationary, E [, Vi§*dy = 0 and

E|| V3§ XtHS (y) < o for some s > 2. These propertles of 5" imply that it grows sub-

linearly at infinity; see for instance Lemma A.5 of [34]. As a result, vy also grows
sub-linearly at infinity. Consequently, the right-hand side of the previous equality
is of order o(N?). Take the real part of the left-hand side and divided it by N2, we
have

1
N L E

n€Z(N)

/ v oo|Vog \zdx—l-/ B (TOIVUO_Fdx—I-RB_l /d>(rn) |v§—v§]2ds}

converges to zero as N — co where Z(N) are the indices of cubes {Y;, C NY}. By a
change of variable with bounds (1.14) and (1.15), the above implies

2 E U 00| Vg |2dx+/ 00|V770\2d92+,31/ \%*—%Iz(f)ds(f)} — 0.
Y, Ty,

nEI

By the statlonarlty of the integrands, we rewrite the above equation as
]E/ Vo Pdz +IE/ Vog |z + IE/ 65 — 75 |2(%)ds (%) = 0.

This implies that ] = 0, = C(y) for some random constant. Consequently, vj =
v, = C(7) and the uniqueness is proved. O
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3.2 Proof of the homogenization theorem

In this section, we prove the homogenization theorem using the energy method, i.e.,
the method of oscillating test functions [101].

3.2.1 Oscillating test functions

We first build the oscillating test functions. For a fixed vector p € R?. Let (w;, w,) €
‘H be the unique solution (up to the addition of a random constant) of the auxiliary

problem (1.19). In particular, wJr has an extension wg"t. In the rest of this section, we
assume that E [, @dy = 0. We define

Wi x ) =xpres(ty),  xeR
€ ) (3.10)
wgp(x,’y):x-p—keQwrj(E,'y), x € R

Here and in the sequel, Q denotes the trivial extension operator which sets Qf = 0
outside the spatial support of f. By scaling the auxiliary problem, we verify that
(wy", wy™), where w}," is the restriction of wj, in e®(R; ) and w),~ is the restriction
of w5, in e®(IR, ), satisfies

V- kOVw8+ = and V- kOng_ =0 in qu(]Rzi),
kon - Vwtt = kon - Vs~ and w8 — w = ¢efkon - Vw on e®d(T).
p p P

This means that for any test function ¢ = (9™, ¢~) € L*(O, HL (¢®(R)) x e®(R;)))

compactly supported on a bounded open set & C IR?, we have that

E koVuws™ - Votdx +E koVwt ™ - Vo—dx
Oned(RY) 0V @y prax ONed(R;) 0r ¢

) [ i) (ot g s =0
(3.11)

Clearly, this is the scaled version of (3.1). We define also the vector fields ﬂ;i =
kOVw‘;i. They satisfy the following convergence results.

Lemma 3.2.1. Let w;i and the vector fields ngi be defined as above and let © C R? be a
bounded open set. Then as € — 0, we have the following:

wi, =X p, uniformlyin ¢ as.in O; (3.12)
wip —Xx-p, in L2(0) as.in 0. (3.13)
Q]E/ ko Vw X, )+ p) dx in [L%(0))? as.in 0. (3.14)

Proof. To prove the first result, we recall that (w,], w, ) solves (3.1) and by the elliptic
regularity theorem adapted to the space H we have

IEKD(WM |Vw;;(x,’)’)|sdx < 00, which implies IE/Y|VZD§Xt(y,’y)|de <o
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for some s > 2. In addition, Vw‘;,"t is stationary. By a version of Birkhoff’s ergodic

theorem, see e.g. Theorem 9 of [80], we have that

lim sup |€weXt( v)] =0 TP-as.
e—0 xeK 8

for any compact set K C IR%. The desired convergence result follows from the rela-

tion among w$** and @S

For second convergence result, we first observe the following decomposition

ext

_ X ex
why = p = (w0, () = (D) Kewimy) + 05 (O Xeormy

By the proof of the first result, the second item on the right above Converges uni-

formly in € to zero and it suffices to show that J¢ := [lew,, (¢ 7x) — ew§ (e 1) L2(e0(R; )6

converges to zero. Given ¢ and ¢, we can find Z,(¢') C Z? such that 0 C Ugcz7.e®(Yy,)
and |Z,| < C(0)e 2. Then a.s. in O we verify that

Z/ wp( >—w;f x—€42/ Wi ( —wp(x)fdx
nel; € nel;
2
< Ce* Z/_ ;(y)’ dy.
nel,

In the last inequality, we used the change of variable y = ®~!(x) and the bounds
(1.14) and (1.15). Using the estimate (A.19), we have

= ()

Note that the integrands above are stationary and the item inside the bracket is
ready for applying ergodic theorem. This item converges to

Je < Ce?

@, (y) — @, () "ds(y +/ - Vw, (y)\zdy)]-

IE/ @ (y)ds(y +]E/ Vet — Va, [2dy,

which is bounded for example by (3.4) and (3.6). Consequently, ] — 0, proving
(3.13).
For the third convergence result, we set first

Q= (kolp + (V@) 'V, ) xge-

These functions are stationary and we have the relation Q;ﬁ;i = (Qﬁ;,t) (@7 1(%, 7))
holds. By an ergodic theorem adapted to the stationary ergodic setting of this chap-
ter given in Lemma 2.2. of [44], we obtain (3.14). O
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3.2.2 Proof of the homogenization theorem

In this subsection we prove the homogenization theorem using Tartar’s energy method.
Here is the strategy: In the first step, we recall the energy estimates for the solu-
tion u, to the problem (1.2) and extract a subsequence along which u&*! converges
weakly in H!(Q) to some u, and the trivially extended gradient functions QVu,"
and QVu_ has weak limits in [L?(Q)]%. Passing to limits in the weak formulation
of (1.2), we obtain equations for these limits and the proper boundary conditions.
It worths mentioning that this step can be done for almost all fixed y € O. In step
three we identify u( as the unique solution to a homogenized equation. This is done

by choosing the oscillating test functions (gwj,, gw},) for the ue-equation and the

oscillating test functions (@u;, pu; ) for the w’-equation. After some cancellation
one can pass to the limits in these weak formulations of these equations and obtain
the weak formulation satisfied by ug. In this step, we treat the functions as defined
in the product space O x R?. The uniqueness of the solution to the weak formu-
lation of 1 relies on the fact that the trivial extension of u, converges weakly in
L%(Q) to Bug for some constant § < 1. This fact is proved in step two.

Proof of Theorem 1.1.5. Step 1: Extraction of converging subsequences. In this and the
next step, the arguments work for any fixed v € O; where P(O) = 1 and the esti-
mates in (1.13)(1.14)(1.15)(1.16) hold for v € O;. We henceforth ignore the depen-
dence on vy. Let (u},u; ) be the solution to (1.2). In particular, ;" has an extension
u™t ¢ HY(Q). Let the vector fields & be kgVu; . Then the estimates (1.32) and
(1.29) show that

1N 1) + 198 N2y + 198 N2y < C.

Consequently, there exists a subsequence and functions ug € H'(Q) and ¢&;,¢ €
[L2(Q))]?, such that

ust —~ yy weakly in H1(Q), u®t — ug strongly in L2(Q);
0zt — & weakly n [2(O)f, Q& — Gweaklyin[IXQ)2.
In the proof of Proposition 1.2.4, we also proved that
uty- — Qu; — 0 strongly in L2(Q)). (3.16)

Now fix an arbitrary test function ¢ € C°(Q)). Take (px;, ¢x; ) as a test function
in (1.25). Then the interface term disappears and we get

[ ko(Qz) - Vgdx + [ ko(Qer) - Vpdx = 0.
Passing to the limit ¢ — 0 along the subsequence above, one finds
/0(61 +&)-Vedx =0, Yo e CF(Q). (3.17)

Therefore, the limiting vector field ¢; + ¢» satisfies that
V(& +¢&)=0in D'(Q), (3.18)
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where D’(Q)) denotes the space of tempered distributions on Q0. Now for any ¢ €

C*(0Q2), we may lift it to a smooth function ¢ € C*(Q) such that ¢ = ¢ on Q).
Take (@x:, x: ) as the test function in (1.25) and pass to the limit; we get

/0(61 + &) - Vedx = /aQ g ds. (3.19)

Since & + & € L*(Q) and V - (& + &) € L?(Q), the trace n - (& + &) on the
boundary d() is well defined. Applying the divergence theorem and (3.18) we get

/aan (&1 +E)pds = /anWs, Vo € C*(Q).

This shows that, n - ({1 + ) = g at Q). Further, since the trace of Q¢, is zero for
all ¢, the same argument above shows that 7 - {, = 0 at 9Q). We hence get

n-¢g1 =g atoQ.

Remark 3.2.1. It is easy to verify that the weak formulation (3.17) works also if we replace
the space of test functions by ¢ € C§°(Q, L*(Q)) and add an integral in -y on the left hand
side.

Step 2: Weak convergence of Qu; . We can write Qu; as uS'x; + (Qu; — u&x; ).
Due to (3.16) and the fact that u®* converges strongly to 19, we only need to verify
that . converges weakly to 6. To this purpose, fix an arbitrary open set K compactly
supported in (), and observe that for sufficiently small ¢, K is compactly supported
in E; defined in (1.18). Then we have

ax = | ax = [ (%) det VO (2, 7)dz.
/KXQS g KNe®(RR;) g gcpfl(g)XIRZ(s) © (s 7)dz

In [44, 43], it is shown that the characteristic function e® ! (%) converges strongly in
L'(IR?) to that of the set [E [, V®(y, -)dy] K. On the other hand, since the function
XR; detV ® is stationary, by ergodic theorem, we have

XRE(S) det Vq)(g,’y) X IE/ XR; det VO (z,v)dz = GQ_l, in L°°(IR2).
%

Here, 6 is defined as in (1.20). Consequently, we observe that for any open set K
compactly supported in (), we have

-1
/XKXde — o ! dx = 0o ' det (IE/ Vo(y, -)dy) |K| = 0|K].
¢ Y

[E [y VO(y,-)dy] 'K
Here, we used the fact that det (E [, V®(y,-)dy) = o', a fact also proved in
[44, 43]. Since linear combinations of characteristic functions of compact sets in
Q) are dense in L?(Q)), we get the desired result. The fact that § < 1 is due to the

assumption on Y~ and the assumption (1.16). This completes the proof of item two
of the theorem up to a subsequence.
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Step 3: Identifying the limit. Fix an arbitrary test function ¢ € C3°(Q), L*(O, F,IP)).
By the constructions of (), K¢ and E; defined in (1.17) and (1.18), for sufficiently
small ¢, the function ¢ is compactly supported in E.

Choose p = ¢,k = 1,2 where ¢; = (1,0) and e, = (0,1). Let wj, and w5, be
as in (3.10). In the weak formulation (3.11) of the equations satisfied by them, take
(oug, puy ) as a test function; we get

E [ (Qu) - V(7us dx+H3/ 1) - (g )
+E % /rs(wiek - wgek)a(u:_ —u, )ds = 0.

Similarly, in the weak formulation (1.25), take (¢, , pws5, ) as the test function; we
get

E /Q<Q@:>-V<¢wiek>dx+m J(Q2) - V (@ws, dx
,B/ @(wWhe, — Whe, )ds = 0.

Note that the integrating domains in the first formula can be taken as above because
¢ is compactly supported in E, which implies that e®(I') Nsupp ¢ = I's N supp ¢.
Subtracting the two formulas above and noticing in particular that the interface
terms cancel out, we get

E| [ () Voustax + [ (i) Vguetdx + [ (Qnf)- TolQue sty x|
—E [ /Q<Q€i ) - Vuwi, dx + /Q Q&) -V_(pwiekdx} = 0.

By the convergence results (3.14), (3.12), (3.13), (3.15) and (3.16), we observe that
each integrand above is a product of a strong converging term with a weak con-
verging term. Therefore, we can pass the above to the limit ¢ — 0 and get

E /Q(Ulek + 172¢, )10 - Vdx = E /0(51 + &) xx - Vodx, (3.20)

where 771, (resp. 172¢,) is defined as the right-hand side of (3.14) with the "+" (resp.
"—") sign. The integral on the right can be written as

E [ (&1+&) - [V(pxd) — e@ldx = —E [ (&1+8) - e pix,

where we have used (3.17). For the integral involving #1,, + #72¢,, we check that

e - (Mg, +12¢,) = koQIE/ Xoy+)ei - Vg (X, ) + Xay-ei - Vg (x,-) + 51’j> dx.
This shows that

Yooy 9 _ ey 07
(e, + 126, )0 - Vo = Zej (11, + 772ek)uoa_xj - Kkj”oa_xj/

j=1
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where we have used the definition of the matrix (K;;) in (1.22). Now (3.20) becomes

2 Jd¢
IE/ Kiug=—"—dx = —]E/ + . dx.
0]‘2_1 kJ”Oaxj X Q((’,‘l o) - ex pdx

Since ¢ € C(Q, L*(0)) is arbitrary and this functional space is dense in L?(Q2, L>(0)),
we conclude that

2
9
(G1+8) =) K;gj%, for all k,
=1 Xj

which means precisely that we can substitute this relation in (3.17) and (3.19) with
additional integrations in O and obtain

E / K*Viug - Vgdx = E / g7, forallg € HI(Q,[2(0)).  (321)
(@) (@]
Finally, we recall that for all v € Oy,

/ Quf(x,7)dx =0, and Qu; (-,7) — Oug(-,v) weakly in LZ(Q)
0
indicate that

[ wole,)dx =1im [ (Qu (x,7) + Qug (x,7))dx
—hm/ Qu, (x,v)d /uo(x,’y)dx.

e—0

Since 6 < 1, we obtain

/ uo(x,7)dx =0, P-as. (3.22)
(@)

In summary, the weak limit u((x, ) provides a solution to the problem (3.21)(3.22).
Thanks to this normalization condition, the solution to this problem is unique. In-
deed, the difference v = u; — uy of two solutions to this problem would satisfy

IE/ K*Vv-Vodx =0, and / v(x,7)dx =0 holds P-as.
0 0

This can be true only if v = 0.

We check that the unique deterministic solution to the homogenized equation
(1.21) solves the problem (3.21)(3.22). By uniqueness of the latter problem, we con-
clude that u((x,y) obtained in step one for a.s. ¢ € () must agree with the deter-
ministic solution to (1.21). We denote this solution as 1 (x). Consequently, all con-
verging subsequences of (u;, u; ) converge to up(x) and hence the whole sequence
converges to this limit. This completes the proof. O
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3.3 Effective admittivity of a dilute suspension

In this subsection, we consider the case when the cells are dilute. We aim to derive
a formal first order asymptotic expansion of the effective admittivity in terms of the
volume fraction of the dilute cells.

In the formula of the homogenized coefficient (1.22), the integral term has the
form

]l]_]E/ e] Vw (y, - )dy+IE/ e] Vw, (y,-) dy.

Thanks to the ergodic theorem, J;; also takes the form

1
Jij = m 12 e;m (/cb(Y*)e] Ve v.) dy+/ A Ve (v:°) dy)'

Here, Z(N) is the indices for the cubes {Y;} inside the big cube NY. Now using
integration by parts, we simplify the above expression to

- r / ), ds<y>) .

1 +
Jij = Jim X2 (/E)CD(NY) njte, () ne TN
Here, n denotes the outer normal vector along the boundary of ®(NY) and ®(Y;, ),
n € Z(N); nj = n - ¢; denotes its j-th component. Note that the boundary terms at
{0 (Yn) tnezny N @(NY) are cancelled because two adjacent cubes share the same
outer normal vector at their common boundary except for reversed signs.

Finally, we have seen that w, has sub-linear growth. Since the surface ®(NY)
has volume of order O(N), the sub-linear growth indicates that the boundary inte-
gral at 9®(NY) is of order o(N?). Consequently, when divided by N? this term goes
to zero. By applying the ergodic theorem again, we obtain that

= Jim s [ (g =)y ds) = [ (o —wd) () ds().
neZ(N) I 90(Y™)
(3.23)
In the following, we investigate this integral further by deriving a formal represen-
tation for the jump wef — W, in the case when the inclusions are dilute, i.e., small
and far away from each other.

To model the dilute suspension, we assume that the reference cell Y™ is of the
form of pB, where B is a domain of unit length scale and unit volume, and p :=
V/|Y~|] < 1 denotes the small length scale of the dilute inclusions. Due to the as-
sumptions (1.14) and (1.15), the length scale of the cell (Y ) is still of order p. Fur-
ther, due to the assumption (1.16), the distance of the cell ®(Y ™) from the “bound-
ary” o®(Y) is of order one, which is much larger than the size of the inclusion.

Since the distances between the inclusions are much larger than their sizes, we

may use the single inclusion approximation. That is, w?f can be approximated by
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the solutions to the following interface problem:

V- koVw, =0in ®(Y")and R\ ®(Y"),

ow,  Jw, B ow 7

5= 9 and w,; = pﬁko( +n-e) onP(I),
w,. — 0 at co.

Here, ®(T') denotes the boundary of the inclusion. Note that the extra p in the jump
condition is due to the fact that the length scale of the inclusion ®(Y ™) is of order
p. Using double layer potentials, we represent w, and w, as Dg(r)[¢] restricted
to ®(Y~) and R? \ ®(Y ) respectively. Due to the trace formula of Dg(r) and the
jump conditions above, the function ¢; is determined by

oD ;
—¢i = Pﬁko(%m +n;). (3.24)

oD,

Let us define the operator Lgr) by ®M) then we have that

wrjl_ - —¢; = pﬁko([ +p;BkOL<I> ) [nz] on CI)(F)'

As a consequence, we have also that
]ij ~ —pﬁko]E L(F)(I + p,Bk()E@(r))*l[ni]njds.

Let us define i; to be — (I + p,BkOE(D(r))_l[ni], that is ; + ppkon - VDg ) [¢i] (x) =
—n;. Define the scaled function ;(%) = 1;(0X) on the scaled curve p~!®(T). Using
the homogeneity of the gradient of the Newtonian potential, we verify that

il (x) = Dprgr) [#i](%), and  pn - VDor)[i](x) = 1 - VDprr) [i] (%),

where ¥ = p~!x. This shows that ¢; = —(I + ﬁkoﬁpq@(r))_l [n;]. Using the change
of variable y — p§ in the previous integral representation of J;;, we rewrite it as

Jij =~ pBkoE / i(pg)njds (o) = p*PkolE / lPinde(ﬂ)-

Finally, the approximation (1.23) of the effective permittivity for the dilute suspen-
sion holds, where f = gp? is the volume fraction where ¢ accounts for the averaged
change of volume due to the random diffeomorphism; the polarization matrix M
is defined by (1.24) and is associated to the deformed inclusion scaled to the unit
length scale. Note that the imaging approach developed in subsection 2.11 can be
applied here as well.



Chapter 4

Numerical simulations

We present in this section some numerical simulations to illustrate the fact that the
Debye relaxation times are characteristics of the microstructure of the tissue.
We use for the different parameters the following realistic values:

e the typical size of eukaryotes cells: p ~ 10 — 100 ym;

o the ratio between the membrane thickness and the size of the cell: 6 /p = 0.7 -
1073,

e the conductivity of the medium and the cell: oy = 0.5S.m™};

e the membrane conductivity: o;, = 1078 S.m~1;

e the permittivity of the medium and the cell: ¢y = 90 x 8.85-10"12 Em™};
e the membrane permittivity: e,, = 3.5 x 8.85- 10712 EFm~;

o the frequency: w € [10%,10°] Hz.

Note that the assumptions of our model § < p and 0, < 0p are verified.

We first want to retrieve the invariant properties of the Debye relaxation times.
We consider (Figure 4.1) an elliptic cell (in green) that we translate (to obtain the
red one), rotate (to obtain the purple one) and scale (to obtain the dark blue one).
We compute the membrane polarization tensor, its imaginary part, and the associ-
ated eigenvalues which are plotted as a function of the frequency (Figure 4.2). The
frequency is here represented on a logarithmic scale. One can see that for the two
eigenvalues the maximum of the curves occurs at the same frequency, and hence
that the Debye relaxation times are identical for the four elliptic cells. Note that
the red and green curves are even superposed; this comes from the fact that M is
invariant by translation.

Next, we are interested in the effect of the shape of the cell on the Debye relax-
ation times. We consider for this purpose, (Figure 4.3) a circular cell (in green), an
elliptic cell (in red) and a very elongated elliptic cell (in blue). We compute similarly
as in the preceding case, the polarization tensors associated to the three cells, take
their imaginary part and plot the two eigenvalues of these imaginary parts with
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0

0 1

Figure 4.1: An ellipse translated, rotated and scaled.

respect to the frequency. As shown in Figure 4.4, the maxima occur at different fre-
quencies for the first and second eigenvalues. Hence, we can distinguish with the
Debye relaxation times between these three shapes.

Finally, we study groups of one (in green), two (in blue) and three cells (in red)
in the unit period (Figure 4.5) and the corresponding polarization tensors for the
homogenized media. The associated relaxation times are different in the three con-
tigurations (Figure 4.6) and hence can be used to differentiate tissues with different
cell density or organization.

These simulations prove that the Debye relaxation times are characteristics of
the shape and organization of the cells. For a given tissue, the idea is to obtain by
spectroscopy the frequency dependence spectrum of its effective admittivity. One
then has access to the membrane polarization tensor and the spectra of the eigen-
values of its imaginary part. One compares the associated Debye relaxation times
to the known ones of healthy and cancerous tissues at different levels. Then one
would be able to know using statical tools with which probability the imaged tissue
is cancerous and at which level.

In the following examples, we consider the general case of nondilute suspension
of cells. We illustrate numerically that the spectral properties of the imaginary part
of the effective admittivity tensor are similar to those in the dilute case. In particu-
lar, there is a unique maximum with respect to the frequency for the absolute value
of each eigenvalue of the imaginary part of the effective admittivity tensor. This
maximum is attained again at the inverse of a Debye relaxation time. As for the
dilute case, Debye relaxation times are invariant with respect to rigid transforma-
tions. Hence, if we consider an elliptic cell, which we tranlate and rotate (Figure 4.7)
to obtain three different periodic media, the spectra of their effective admittivity is
identical : the red, cyan and green curves are superposed in Figure 4.8. However,
they depend in the general case of the volume fraction, the blue curve correspond-
ing to the scaled cell admits its maximum at a different time.Therefore, our classi-
tication approach proposed in this part is expected to be applicable for nondilute
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Figure 4.5: Groups of one, two and three cells.
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Figure 4.6: Frequency dependence of the eigenvalues of M in the 3 different cases.
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Figure 4.7: An ellipse translated, rotated and scaled.
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Figure 4.8: Frequency dependence of the eigenvalues of SM for the 4 ellipses in Figure 4.7.

suspensions but at given volume fraction. We hence consider three elliptic cells of
different shape but with the same volume (Figure 4.9), calculate the imaginary part
of their effective admittivity tensor and plot the absolute value of the two associated
eigenvalues (Figure 4.10). They attain their maximum for different frequencies. It is
worth emphasizing that the numerical results in the general case are obtained using
a finite element code with periodic boundary conditions.
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O0 1

Figure 4.9: A circle, an ellipse and a very elongated ellipse with same volume.
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Figure 4.10: Frequency dependence of the eigenvalues of SM for the 3 different cell shapes
in Figure 4.9.



Part 11

Admittivity imaging from
multi-frequency micro-electrical
impedance tomography
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As shown in Part I, spectroscopic admittivity imaging can provide information
about the microscopic structure of a medium, from which physiological or patho-
logical conditions of tissue can be derived, because the admittivity of biological tis-
sue varies with its composition, membrane characteristics, intra-and extra-cellular
fluids, and other factors.

The aim of Part Il is to propose an optimal control optimization algorithm for re-
constructing admittivity distributions (i.e., both conductivity and permittivity) from
multi-frequency micro-electrical impedance tomography. A convergent and stable
optimization scheme is shown to be obtainable from multi-frequency data.

To formulate mathematically the imaging problem, we consider a medium of
conductivity ¢ and permittivity € occupying (), C>-domain of R?>. (Hereafter, the
medium is simply called ).) The problem of micro—electrical impedance tomog-
raphy is to reconstruct ¢ and € from the vector of potential u,, w € (w,w), the
solution of

{V-(U+zwe)Vuw = 0 inQ, 1)

Uy = ¢ ond(),

where ¢ = (@1, 92) € H'/2(dQ)?. It is proved in this chapter that the above in-
verse problem is stably solvable with a good choice of boundary datum ¢; that is,
¢ belongs to what we will refer to as the proper set of boundary measurements; see
[14, 123, 129].

Part II is organized as follows. First, in Chapter 5 we review some useful regu-
larity results for elliptic systems of partial differential equations. we also introduce
the set of proper boundary measurements. Chapter 6 is devoted to the reconstruc-
tion method. We prove that the minimization functional is Fréchet differentiable
and we compute its derivative. Then we construct an initial guess and prove the
convergence of a minimizing sequence. Chapter 7 is devoted to present numerical
illustrations for the convergence and the performance of the proposed optimal con-
trol algorithm. In Appendix B, we prove the convergence of Landweber sequences
with cutoff functions.
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Chapter 5

Regularity results and set of proper
boundary conditions

5.1 Preliminaries on regularities

Let Y = {x € Q : dist(x,0Q) > ¢o} for a small constant ¢y > 0. We assume that ¢
and € are constant and known in O \ (7. In the following, we let o and €,, the true
conductivity and permittivity of (), belong to the convex subset of H?(Q)? given by

S ={(v,€) := (00, €0) + (71, 12)| (91, 92) € S},

where the positive constants ¢y and € are respectively the conductivity and permit-
tivity in Q \ ' and

S = {(;71,772) S H(Z)(Q)2| 1 <np+og<cy 1 <Mny+e€y<cy supp nj C Q,
117l 2y < esllnjllnay, 1llnq) < e forj=1,2}
(5.1)
with ¢y, ¢, c4 and ¢4 being positive constants and supp denoting the support. In
other words, we can write S = (0y, €9) + S. Here, the condition of |[#;]| 2y <

c3 |7l () is used to exclude any micro-local oscillation on the admittivity distri-
bution.
Introducing an open subset of C

O .= {06C|%mo<c—1}, (5.2)
262

we first establish a useful lemma, which is a direct consequence of standard regu-
larity results.

Lemma 5.1.1. Let (0,€) € S, w € O, and f € LP(Q) for2 < p < o0. Ifv € H'(Q)

satisfy
V- (c+iwe)Vo=f in Q, (5.3)

then v € WP (Q)) and

lollwzrry < C ([ollria) + I fllr@))- (54)
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where C depends only onc;,i =0, ...,4, p, and Q. Moreover, if v = 0 on 9(), then

[ollwar) < C o) + 1fllr ) (5.5)

Proof. From the standard regularity estimate, we have

oy = CUSflz@p + 10lze)- (5.6)
The first equation in (5.1.1) can be rewritten as

(0 + iwe) . f

Av = —VUTV - —,
0+ 1we 0+ 1we

(5.7)

where T denotes the transpose. Since supp V(o + iwe) C ), we have

V(o + iwe) V(o + iwe)
T _ T
Vo WHLP(Q) = [[Vo W”LP(Q/)
V(o + iwe)
< CHVUT”LZP(Q’)Z HWHLZP(Q’)Z

< Cllollpzo)llo + iwel| gz o)
< C (ol aiery + 12y ) o+ icoel -

Here, Schwartz inequality was used for the second inequality; Sobolev embedding
for the third inequality; and the last inequality comes from (5.6). Hence, the right
side of (5.7) is in LP(Q)). Now, we apply the standard W?"-estimate for Poisson’s
equation (5.7) to get

lollweriry < € (Iollse + 1flre ) -

5.2 Sets of proper boundary conditions

The main purpose of this section is to choose “good" boundary datum ¢ in (4.1) so
that the measurements of the corresponding vector potential 1, are helpful in our
reconstruction algorithm. Such a set of good functions, henceforth coined as a set of
proper boundary conditions, is defined as follows.

Definition 5.2.1. Let ¢ € HY/?(9Q))2. We say that ¢ is a proper set of boundary conditions
if and only if the 2 x 2 matrix Vu, is invertible in Q) for all ¢ € oy + S where the vector
u, denotes the solution of the boundary value problem

V-oVu=20 inQ),
u=q on 0Q).
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The existence of a set of proper boundary conditions was proved in [4, 38, 121].
The following proposition is the main result of this section.

Proposition 5.2.1. For all (0,€) € S, we denote by u,, the solution of (4.1) with ¢ being
a proper set of boundary conditions. There exist N > 1 open pairwise disjoint open subsets
Bi,By, - ,Bnof ), and N frequencies w1, - - - ,wn € (w, @) such that

(i) O C U B C Oy

(ii) The matrix Aw,(x) = Vi, is invertible for all x € B;.

In [3], G. Alberti has proved the result when the dependence of coefficients on
the frequency is different from that in our context. The key of his arguments is the
fact that u,, is analytic with respect to w. Fortunately, his technique is still applicable
to (4.1). We present the proof here for the completeness’ sake.

Lemma 5.2.1. Let O be defined by (5.2). The map
L: O - Hj

loc

(Q)?,
w U,

where u,, is the solution to (4.1), is analytic. Moreover, the derivative of L at wy is given by
the solution of

V- (c+iwe)Vw = —V-ieVL(wy) inQ, (5.8)
w = 0 on 0Q) '
forall wy € O.
Proof. The quotient
. L(w)~ L(w)
' w — wo
solves
V- (c+iwe)Vz = —iV-eVL(wy) inQ, (5.9)
z =0 on o). '

Since V- eVL(wp) = 0in Q\ ) and V - eVL(wp) is in L?(QY’) (see Lemma 5.1.1),
we can use Lemma 5.1.1 again to get

12l 2(0) < ClIL(wo) [ m2(0) (5.10)

for some positive constant C.
On the other hand, the difference between z and w satisfies
V- (c+iwpe)V(z—w) = —V-i(w—wp)eVz inQ, (5.11)
z—w = 0 on d(), '
where w is defined by (5.8). Applying Lemma 5.1.1 one more time allows us to
obtain
12 = w2 () < Clw = wol[[Vz 2.

This, together with (5.10), completes the proof of this lemma. O



72 CHAPTER 5. PRELIMINARY RESULTS

We are now in position to prove Proposition 5.2.1.

Proof of Proposition 5.2.1. Let Q" = {x € Q3 : dist(x,0Q) > c9/2}, so that Q' CC
Q) cC Q. From Lemma 5.1.1, u,, € W2P(Q)") for any p > 2. Hence, it follows from
Sobolev embedding that u,, € C1*(Q)”) for some a € (0,1). Thus we can consider

uw and Vi, pointwisely. We employ the ideas in [3] to prove the proposition. Since
det : C(QY)?*2 — C(Q)) is multilinear and bounded and

O — C(Q)?

w Ug

is analytic thanks to Lemma 5.2.1. Moreover,

O — Q)
w — det(Vuy)

is also analytic. For x € Q, if det A, (x) = 0 for every w € [w, @] then for all w €
O, det A, (x) = 0 by the analytic continuation theorem. In particular, det Ag(x) = 0
which conflicts with the choice of proper boundary conditions. Hence, we can find
wy € (w,w) such that |det Ay, (x)| > 0. Moreover, since the map |det A, (-)] is
continuous, it is strictly positive in the ball B, (x), centered at x and of radius r, >
0. Noting that U,cy B, (x) covers (O, we can use the compactness of )/ in R? to
complete the proof. O

From now on, a proper set of boundary conditions ¢ has been chosen. However,
in practice, one might not know the values of frequencies and the set By, - - - , By.
We thus suggest to measure the data u,, for all w € (w,w). The following corollary
of Proposition 5.2.1 will be useful for the sequel.

Corollary 5.2.1. If ¢ is a proper set of boundary conditions then we can find A > 0 such
that -
w
/ | det Vit (x)|dx > A,
w

where u,(x) is the solution of (4.1).



Chapter 6

The reconstruction method

6.1 Optimization scheme

Let the function U, = F[oy, €,; w] represent the measurement of the solution vector
with o, and e, being the true distributions.
Consider

F: Sx(w @) — HYQ)?
(0,6;w) +— uy—U,,
where again u,, is the solution to (4.1) with a proper set of boundary conditions

@. Here S is considered as a subset of the Hilbert space H?>(Q))2. Note that F is
well-defined thanks to Lemma 5.1.1.
To reconstruct ¢ and €, we minimize the discrepancy functional

1 (@ 2
Jlovel = 5 [ IFlo €l oo
2 Jw

for (r,€) € S.

We first investigate the differentiability of F with respect to the pair of admittivity
(0,€). For doing so, we need one more notation. Let A : B = Y a;;b;; for two
matrices A = (a;;) and B = (byj). Let (, ) > denote the H*(Q))?-scalar product for
s = 1,2. The following lemma holds.

Lemma 6.1.1. (i) The map F is Fréchet differentiable in (¢,€) € S. For all (h,k) € S,
DF|o, €; w](h, k) is given by the solution of
{ V(0 +iwe)Vo, = —V-(h+iwk)Vu, inQ,

v = 0 on 0Q). (6.1)

Moreover, DF is Lipschitz continuous with respect to (o, €).

(i) J is Fréchet differentiable in (o,€) € S. Moreover, for all (h,k) € S,

DJ[o,e](h k) = §Re/w<DF[a,e;w](h,k),F[a,e,'w]>H1,
. 62)
_ gcee/ ((h, k), DF[c, & w]* (Flo, & @])) 2,

w
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where DF|o, €; w|* is the adjoint of DF|c, €; w|.
(iii) Furthermore, forall (h, k) € S,

DJlo,€](h, k) = Re /:/Q(h +iwk)Viuy : Ve dw, (6.3)

where p, € H2(Q) is the solution to the adjoint problem

{ V(0 +iwe)Vp, = F(o,€6;w) — AF(0,6;w) inQ), (6.4)
Po =10 on dQ).
Proof. Take (h, k) € S such that (o + h, € + k) still belongs to S. Define
W = Flo +h,e +kw] — Flo,e;w] € H Q).
We have
V-(c+h+iw(e+k)Vwyy = —V-(c+h+iw(e+k))V(F[o,ew]+ Uy,)

= V- (h+iwk)V(Flw,o, €]+ Uy).
Using Sobolev embedding and Lemma 5.1.1, we have
||wh/k||H2(Q)2 < CHV : (h + iwk)V(F[a, 6;(4]] + uw)HLz(Q/)z
< C(Hh + lC(JkHLoo(Q/) HP[O’, €, CU] + UwHHz(Q/)z
IV (h + k) | s oy 21V (Flor € 0] + Uo) ez

< C (Il + Kl ey ) (IFlw, 0 €lllrane + 1 Ue i)
(6.5)
The function wy, x — v € Hj(Q) and satisfies

V(0 +iwe)V(wpr —vo) = =V - (h+iwk)Vwy.

Thus, again by repeating the estimates as in (6.5), we get

lonk = vallne < € (IRl + Ikl ) ) lwndl e
2
< C (Il + IKly)” (I1F1, 0 €l + Ul oz -

Item (i) has been then proved. Moreover, it is easy to see that DF is Lipschitz con-
tinuous with respect to (¢, €). In fact, let (0, €) and (¢/,€’) bein S. Let (h, k) bein S.
Then, DF|[c, €; w|(h, k) — DF[0’,€’; w](h, k) is solution to the following equation:

(V- (0+iwe)V (DF[o,€;w](h, k) — DF[¢’,€/; w](h, k)) =
—V - (h+iwk)V (F[o,e;w] — Fo', €’; w))
—V (0 -0 +iw(e —€))VDF[o',€;w](h k) inQ,
DF|[o,€;w|(h, k) — DF[0’,€’;w](h, k) =0 onoQ.

\
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Therefore, applying similar estimate as in (6.5), we have
I(DF[e, €;w] — DF[e’, €; w]) (1, k) | 2 (2
<C (Hh + ik 2 ) Il € @] — Flo7, €5 0]) |y

o~ 0"+ icw(e — &) ey | DFI0”, €3]0 ) e ) -
(6.6)
Since Fo, €; w| — F[o’, €’; w] satisfies
V(0 +iwe)V(F[o,e;w] — Flo',e;w]) = =V - (0 — 0’ +iw(e — €'))V(F[0', €;w] + Uy),
we apply a similar estimate as in (6.5) to get Lipschitz continuity of F:
|Flo,e;w] = Flo', €50 lpzary < Cllo =o' +iw(e =€)l q)

x (IFle", €/;0)paqrye + U e
6.7)
Noting that DF|[c, €; w](h, k) is the solution of (6.1), we also have

IDF[0’, €"; w](h, k) || vy < ClIB+icwok| gz | (F[U/IGI;W]HHz(Q’)Z + ||uw||H2(Q’)2) :
(6.8)
Hence, combining estimates (6.6)-(6.8), we have
IDFlo, €;w] — DF[c’, €' 0]l c(r2q) m2(0)) < Cllo — o' +iw(e — €) | ()
% (IFle", €3] llpaqnye + Uiz -

Item (ii) can be easily proved by using arguments similar to those used above.
Item (iii) follows by integration by parts. O

We can now apply the gradient descent method to minimize the discrepancy
functional J. We compute the iterates

(0nt1,€nt1) = Tlow, €n] — uD][T[0n, €4]], (6.9)

where p > 0 is the step size and T/[f] is any approximation of the Hilbert projection

from H2(0)? onto S with S being the closure of S (in the H2-norm). The derivative
D]J[T[ou, €x]] is given by

DJ[T[on, €n]] = (—Re Vi : Vpw, wSm Viuy : V),

where u,, and p, are respectively the solutions to (4.1) and (6.4) with (c,¢) =
T[ow, €n]. B

The presence of T is necessary because (0, €,) might not be in S.

Using (iv) we can show that the optimal control algorithm (6.9) is nothing else
than the following Landweber scheme [83, 69] given by

(UnJrl/ €n+1)

= Tlow, €n] — 1 /: DE*[T[0y, €n]; w|(E[T[on, €]; w]) dw. (6.10)
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6.2 Initial guess

To initialize the previous optimal control algorithm, we need to construct an initial
guess for the electrical property distributions ¢ and e.
Consider the solution u, to (4.1). For all x € (),

T .
At + Vqu(q+zwe) _0
o+ iwe
It follows that ( )
V(o + iwe
AT T2 Y. A , 6.11
Y o+iwe VAo (6.11)
where
Ao = V.

Equation (6.11) gives us several ways to reconstruct both ¢ and e. We suggest to
define the map 7, = log(c + iwe), whose imaginary part is chosen in [0, ), and
solve

(6.12)

Ayw =V - (—(ALADTALV - Ay) in Q,
Yo = log(op + iwep) on 0Q),

where 1 denotes the pseudo-inverse. The knowledge of -y, implies those of ¢ and €.
We denote by o7 and € the obtained functions by averaging 7, over w:

(71+1( )—i—w / eTvdew,
2 —w

where 7, is given by (6.12). We use o7 and ey as the initial guess for our desired
coefficients.

6.3 Convergence of the minimizing sequence

The following theorem holds.

Theorem 6.3.1. Forall (h,k) € S, we have the following estimate:
/ |DF[o, € ] (1, k) | 1w > Cl (k)12 6.13)

for some positive constant C.

Proof. Assume to the contrary that (6.13) is not true. That means we can find h,, and
k, in S such that

HhﬂHHZ(Q) + HanHZ(Q) =1
and B
w
/ ”DF[U',G,'(,U] (hn/kn)HHl(Q)dw — 0
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as n — oo. By compactness, up to extracting a subsequence, we can assume that
(hp, kn) — (B, k) in HY(Q)2 (6.14)
Denote by u,, the vector F[o, €; w] and ¢!, the vector DF|[c, €; w](hy, kn). We have
0" — 0 in H}(Q)
forallw € (w,w).

Recall N, By, -+, By, w1, -+ ,wn, as in Proposition 5.2.1. Fixing j € {1,--- , N},
we have

-V -(c+ iwje)VvZ,j = V- (hn +iwjkn) Vg,

hy +iwik
_ o T n jhn
= (a—|—zw]e)Vuij—0+iwj€
in B;. Equivalently,
hy, + iw;k
T n o LN L no_ n
vuwjvTia)je = V]og((7+ lCUJG) va], Aij.

Note that the left-hand side of the equation above tends to 0 in H~1(Q), so is
vh”+iwjk”

ctiwje
we arrive at h = k = 0. Since (hy, kn) € S, |hnllp2() + knllp2(q) — 0, which
contradicts the assumption. O

in L?(B;). By using Poincaré’s inequality and the fact that (O’ C U]-I\i 1Bj,

Note that as a direct consequence of Theorem 6.3.1, it follows that

w

1
2
([ 1DFie il 0 B ) = U B (615)

for some positive constant C. Hence, Theorem 6.3.1 and Proposition B.0.1 yield our
main result in this chapter.

Theorem 6.3.2. The sequence defined in (6.10) converges to the true admittivity (o, €. ) of
Q) in the following sense: there is 11 > 0 such that if || T[oy, €1] — (0%, €«) || g2 ()2 < 17, then

Jimlen — el () + llow = oull () = 0.
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Chapter 7

Numerical illustrations

In this chapter we present some numerical results to illustrate the performance of the
proposed optimal control algorithm for admittivity imaging from micro-electrical
data.

We consider three regions in the unit square with respective conductivity 2, 3,
and 4. The admittivity of the background medium is 1 + i3w. We produce virtual
internal data through the forward problem with the true admittivities. We choose
two illuminations x + ix, y + iy, and calculate the associated potentials 11 and u; in
the whole medium with a finite element code. 11 and u; become our measurements
for the inverse problem. We first refine the uniform mesh according to the gradient
of u; and up. The initial guess is computed through solving the partial differential
equation given in the previous chapter.

We observe that the for the initial guess the permittivities inside the inclusions
are different. The reconstruction scheme of the initial guess couples the distributions
of the conductivities with those of the permittivities.

It is worth emphasizing that in our case the matrix data is invertible everywhere
in the domain and therefore, there is no need for taking multi-frequency measure-
ments.

The results of the reconstructions are presented after 20 and 40 iterations. The
difference between the true and reconstructed conductivities are shown. After 20
iterations, the shapes of the inclusions are well reconstructed however the values of
the conductivity inside are still not correct. 40 iterations are enough to well recon-
struct both the shapes, the conductivities, and the permittivities.

In the second set of numerical examples, we consider a different phantom. The
conductivities are between 1 and 2 as shown below while the permittivity is constant
and equal to 3 everywhere. Again, after 40 iterations starting from the initial guess
computed by solving the PDE problem, the reconstructed images are well resolved.
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Figure 7.1: True conductivity o.

3.5

Figure 7.2: Initial guess of the conductivity (on the left) and the permittivity (on the right).

4

Figure 7.3: Reconstructed conductivity after 20 (on the left) and 40 (on the right) iterations
of the algorithm.
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Figure 7.4: Absolute value of the difference between the reconstructed and true conductivi-
ties after 20 (on the left) and 40 (on the right) iterations.

©
8

Figure 7.5: Reconstructed permittivity after 20 (on the left) and 40 (on the right) iterations
of the algorithm.

Figure 7.6: True conductivity .
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Figure 7.7: Initial guess of the conductivity (on the left) and the permittivity (on the right).

Figure 7.8: Reconstructed conductivity after 20 (on the left) and 40 (on the right) iterations
of the algorithm.

0.3
0.2

0.1

0

Figure 7.9: Absolute value of the difference between the reconstructed and true conductivi-
ties after 20 (on the left) and 40 (on the right) iterations.
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Figure 7.10: Reconstructed permittivity after 20 (on the left) and 40 (on the right) iterations
of the algorithm.
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Part III

Mathematical modeling of
fluorescence diffuse optical imaging of
cell membrane potential changes
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The purpose of Part Il is threefold. We first provide and analyze a mathematical
model for optical imaging of changes in membrane electric potentials. Then we
propose, in the linearized case where the shape of the cell is a perturbation of a disk,
an efficient direct imaging technique based on an appropriate choice of the applied
currents. An iterative imaging algorithm for more complex shapes is also suggested.
Finally, we estimate the resolving power of the proposed imaging algorithm in the
presence of measurement noise.

Our main results in Part III can be formulated as follows. Let C be the cell, and
let () be the background domain. Given an optical excitation g, the emitted light flu-
ence is @S ., the solution to the diffusion equation (8.3) with ®$. defined by (8.2)
and cq, being the concentration of fluorophore supported on the cell membrane oC.
Equation (8.5) gives the relation between the function cg, and the electric potential
u defined by (8.4). In order to image the cell membrane dC, we establish identity
(10.1) and linearize in Theorem 10.2.1 relation (8.5) for dC being a perturbation of
a disk. Proposition 10.2.7 gives the least squares estimate of the cell membrane
perturbation. Introducing the signal-to-noise ratio in (10.55), where ¢ models the
measurement noise amplitude and € corresponds to the order of magnitude of the
cell membrane perturbation, we derive in Theorem 10.2.2 the resolving power of the
imaging method. Theorem 10.2.3, which is our main result in this chapter, provides
expressions for the reconstructed modes in the cell membrane perturbation in the
presence of measurement noise under physical assumptions on the size of the cell
and the value of the used frequency. A generalization of the linearization procedure
for arbitrary shaped cell membranes is provided in Proposition 10.3.1, and the re-
construction of perturbations of arbitrary-shaped cell membranes is formulated as a
minimization problem, where the data is appropriately chosen in order to maximize
the resolution of the reconstructed images.

Part III is organized as follows. Chapter 8 is devoted for the governing model
of the hybrid membrane imaging technique. In Chapter 9 the forward problems are
analyzed. Chapter 10 presents the membrane reconstruction technique. Numeri-
cal results to illustrate the viability and the limitations of the proposed membrane
reconstruction technique are given.
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Chapter 8

Governing model for the hybrid
membrane imaging technique

We consider a cell that we want to image. We inject fluorescent indicators that stick
only on the cell membrane [97]. These markers are chosen so that their concentra-
tion responds linearly to the potential jump across the membrane, when the cell is
immersed in an external electric field [68]. We apply such an external electric field
at the boundary of our domain and use fluorescence optical diffuse tomography to
reconstruct the position and shape of the membrane.

8.1 Coupled diffusion equations

A sinusoidally modulated near infrared monochromatic light source g, located at
the boundary 02 of the examined domain (), launches an excitation light fluence
Pexc = cI)exc(x/ w) et
at the wavelength Aeyc, into (). At time t and point x, ¢exc represents the average
photon density, due to excitation by the source oscillating at frequency w. After it
undergoes multiple scattering and absorption, this light wave reaches the fluores-
cent markers that are accumulated on dC, the membrane of the cell C. The excited
fluorophores emit a wave
Pemt = CI)emt(x/ (U) et
at the wavelength Aemt. The intensity of the emitted wave is proportional to the in-
tensity of the excitation wave when it reaches the fluorescent molecule. The emitted
waves pass through the absorbing and scattering domains and are detected at the
boundary dQ).

In the near infrared spectral window, the propagation of light in biological tis-
sues can be modeled by the diffusion equation, which is a limit of the radiative
transport equation when the transport mean free path is much smaller than the typ-
ical propagation distance. Our model can therefore be described by the following
coupled diffusion equations completed by Robin boundary conditions [125, 107, 72,
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117]:
iw .
=V (Dexc (X) V@exc (x, w)) + (?/lexc(x) + ?) Dexe (¥, w) =0 in(},
od
Eexcﬁ(xr w) + (I)exc(x/ («U) = g(x) ond(),
( iw
-V (Demt(x)vq)emt(x/ w)) + (,uemt(x) + T) CI)emt(x/ w)
= 7(x, W) Pexc(x, w) iInQ),
Eemt%(%w) + Oemt(x,w) =0 onadQ.
\
Here,

e v denotes the outward normal at the boundary 0();

e c denotes the speed of light in the medium;

® Dexc and plexe (respectively Demt and pemt) denote the photon diffusion and

absorption coefficient at wavelength Aeyc (respectively Aemt) over the speed of
light c. Assuming that the scattering is isotropic, they can be expressed, for
i = exc, emt, as follows:

1

Di(x) = and  p;i(x) = pgi(x) + pari(x),

d(pa,i(x) + par,i(x) + pg (%))

where

- U, denotes the absorption coefficient, due to natural chromophores of

the medium, at wavelength A;;

gy denotes the absorption coefficient, due to fluorophores, at wave-
length A;. This absorption coefficient is proportional to the fluorophore
concentration cg,(x). The proportionality coefficient, €exc, is the fluo-
rophore extinction coefficient at wavelength A;;

u., . denotes the reduced scattering coefficient at wavelength A;; its inverse
is the transport mean free path.

¢; is the extrapolation length. It is computed from the radiative transport
theory [116] and is proportional to the transport mean path. The multi-
plicative function depends on the index mismatch between the scattering
medium in () and the surroundings.

— d is the space dimension;

e v is given by

— ﬂl’lﬂr,exc(x) _ NEexc Cﬂr(.X)
1 —iwt(x) 1—iwt(x)’

v(x, w) (8.1)

with # and T being respectively the fluorophore’s quantum efficiency and flu-
orescence lifetime.
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8.2 Model assumptions

Let () be the background domain and let C @ () denote the cell. From now on, the
space dimension d is equal to 2 or 3 and Q) and C are bounded C2- domains.

The fluorophores are only located on the cell membrane dC; their concentration
car(x) is zero, except on dC. We neglect their contribution to the absorption and
diffusion coefficient, that is,

1
d(pai(x) + pg (%))

Di(x) = and  pi(x) = pyi(x).

In the near infrared spectral window, the absorption coefficient is much smaller
than the reduced scattering coefficient. This is one of the conditions to approximate
the light propagation in the medium by the diffusion equation.

We can approximate the diffusion coefficients at the excitation and emission
wavelength as follows:

1
Di(x) = W

We consider that the optical parameters are constant in the domain (2 and do not
depend on the wavelength of the propagating light. Hence, for i = exc, emt,

1
Dl-(x) :Di:D:d_]l/, yi(x) = Ui = U = Ha, and Ei(x) Zfl'Zf.
s

We consider that the fluorophore’s fluorescence lifetime T is constant. From (8.1)
it follows that v depends on the position x only through pg,(x) and, more specifi-
cally, cq.(x). It can then be written as follows:

~ . - €exc
7 w) = Hw)en(x) with Hw) = 755

The coupled diffusion equations and their boundary conditions then become

—DADE(x, w) + (],t + %) Dé(x,w) =0 inQ,

DS
ov

(8.2)

14 (x,w) + PSc(x,w) = g(x) onad(),

iw - .
_DAq)egmt(x'w) + (;u + 7) q)égmt(x/w) = ’Y(w) Cﬂr(x) q)egxc(xlw) in(),

CDg
Em(x,w) + @8 (x,w) =0 on o),

ov emt
(8.3)
where the source ¢ is in L?(9Q)).
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8.3 Electrical model of a cell

Here we use the same electrical model of a cell as in Section 1.1.2 but under a direct
courant.

We apply at the boundary of our domain an electric field g € L?(9Q)). We
consider that Q) \ C and C are homogeneous and isotropic media with conductivity
1. The thickness € of the cell membrane is supposed to be small. We denote by ¢ the
conductivity of the cell membrane. We assume that ¢ < 1 and g > 0 to be given by
B = o le; see [90].

We can approximate the voltage potential u# within our medium by the unique
solution to the following problem [52, 108, 77, 109, 110]:

(( Au=0 inCuQ\C,
a_u _8_u =0 onaC,
ov n ov|

(8.4)
uly —ul_= ,Bg—z onaC,

B_M = / u=20
M |50 Seler 20 )

Since we have chosen the fluorescent indicators of the cell membrane such that
they respond linearly to the potential jump across the membrane [68], we can ex-
press their concentration as

\

car = 0 [u] |8C’ (8.5)

where ¢ is a constant [68].



Chapter 9

Analysis of the forward problem

The forward problem consists of determining Pemt|yqy, for a fixed applied electric
tield gele, a light excitation ¢ and a given cell C. The optical parameters of the
medium, D and y, the speed of light c, the extrapolation length ¢ and ¥ are sup-
posed to be known.

9.1 Expression of &

Let ®&. be the excitation light fluence in (2, due to an excitation ¢ applied at its
boundary d2. The function ®E,. is the solution to the following problem:

—ADE(y) K DE(y) =0  inQ,

IDE

9.1
EY (y) + ¢§XC(y) =8 ond(), O

14

H+iw/c
D
should be replaced with the Dirichlet boundary condition: ®&..(y) = gondQ. The

following result holds.

where k? = . Note that if / = 0, then the Robin boundary condition in (9.1)

Theorem 9.1.1. There exists a unique solution @exc in H'(Q) to (9.1).

Proof. The variational formulation of (9.1) is given by

Find ®cx. € H'(Q) such that for all¥ € H(Q) :
/ V®exc(x) - V¥ (x) dx + kz/ Do ¥ (x) dx
Q Q

1 - 1 —
+Z /an Dy Y do(x) = 7 ha g¥do(x).

Since Re(k?) = % > 0, we can apply Lax-Milgram theorem and prove existence

and uniqueness in H!(Q) of a solution for (9.1). O
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Let I be the fundamental solution to —A + k2. T is (the exponentially decaying)
solution to
Vyze R, —ATL(y) +KT.(y) = d:(y), (9.2)
where ¢, is the Dirac mass at z.

We know the explicit expression of T';(y) for all y # z € RY [29]:

Laly) = 3 Hy (ikly —2)  ifd =2,

e_kh/_z‘

I.(y) ifd =3,

- 4|y — z|

where Hél) is the Hankel function of the first kind of order 0.

We introduce the single and double layer potentials of a function f € L?(3Q)),
for all z € R%\ 9QY, [29]:

VzeR?, Solfl(z) = /BQ I:(y) f(y) ds(y),

vze RN\, Dalfle)= [ 22U sy as(y).

Lemma 9.1.1. The double layer potential verifies, for all f € L*>(9Q2),

(—=A+K*)Dqg[f] =0 inR% \ 9Q),
I Dalfll = 2 Dalfll- ond0,
Dalf]l« = (F41+Ka) [f] ondQ,

where Kq : L2(0Q)) — L?(9Q)) is defined by

Vzead, Kolf](z) = /BQ @Fz(y)ﬂy) ds(y).

Lemma 9.1.2. Let d = 2,3. The single layer potential verifies, for all f € L2(9Q}),
(—A+k)Sqlf] =0 inIR?\ 90},

Salfll+ = Salfll- on 9Q).

The single layer potential is therefore well defined on 9Q), and hence on R?. Moreover,

%Sg[f]\i _ (i%IJrICf)) f]  onaq,

where KC}y : L>(9Q)) — L?(9Q)) is the L>-adjoint of the operator Kq, i.e.,

d

Vzea, K5lfl(z) = /a o (e W) ds)
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Let G be the Green function of problem (9.1), that is, for all z € ), the unique

solution to

oG 9.3
1 avz (y)+ Gz(y) =0 on Q). ©:3)
Lemma 9.1.3. The operator of kernel G,(y) is the solution operator for problem (9.1):
1
zeQ,  fla) = [ Gng)dsy) 9.4)

Proof. Since G; and P are respectively the solutions to problems (9.3) and (9.1),
we have the equation

Pie(z) = |

[ (-8,6:0) 8 Gal) @) — (~B0Ey) + 1 @E))Cely) | .

Besides, we can apply Green’s formula:

Phelz) = [

(@)

— Dy Gz (y) P (y) + APE(y) G- (y)] dy

8
= [ |- 25 et + 225 o) asty.

Using the boundary conditions that G, and ®&,. verify, we then obtain that

1

PEc(z) = 7 Joo C=W)s () ds(y).

]

Thanks to the previous lemma, if we know G, we can calculate the excitation
light fluence for any source g. The following result relates G, the Green function of
our problem to I';, for which we have an explicit formula. It generalizes [28, Lemma
2.15] to the Green function G,.

Proposition 9.1.1. Forz € Q and y € dQ),

(=5 + Ko+ Sa) (G0 = T:(y). ©5)

More precisely, for any simply connected smooth domain D compactly contained in (), and
for any h € L?(9D), we have for any y € 9Q):

/3D (—é + Ka + %SQ) (G:](y) h(z)ds(z) = / T.(y) h(z) ds(2).

oD
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Proof. Let f € L3(9Q)), where L3(0Q) is the set of L? functions in Q of mean zero.
Forz € QO and y € d(), we define

u@)i= [ (3 +Ka+ 1 50) GIWFW L)

By introducing the adjoint operator, we obtain
(2) = [ Gulw) (—5 + Kb+ y Sa) 1) ds(y)
u(z) = | G:y) (=5 Ko+ Sa ) lfl(y)dsy).

By Lemma 9.1.3, u is then a solution to the problem

—Au(y) + K u(y) =0 inQ),

I 1

T+ pu) = (-3 +Ka+psa) M) i OO

We know that S [f] is a solution to the problem (9.6), thanks to Lemma 9.1.2. The
equation (—A + k?)p = 0 in Q with the Robin boundary condition, dp/dv + Ip = 0,
admits a unique solution, provided that / > 0. Therefore, we have

Vz € Q, u(z) = Salf](z).

Since f is arbitrary, we have therefore proved the first part of our proposition.
Let i € L?(9D). By multiplying the last equality by & and integrating on 9D, we
obtain

L Lo (=5 + Kt g Sa )Gl ) dsyasty) = [ T ()£ sz dsto),

which completes the proof. O

According to the previous proposition, the knowledge of G,, and therefore of
@3, requires the inversion of the operator:

.

—5 +Ka+78a: L?(3Q)) — L*(aQ)). (9.7)

In the case of circular domains, we can exhibit an explicit formula of the inverse
operator.

Explicit calculation of G, for a circular domain: We assume that the dimension is
two and () is the unit disk. In terms of polar coordinates, the fundamental solution
T, to —A + k? has the expression:

i

Ty (r0) €QVz(R9)€Q,  Ti(y) = H{Y (ik|re® — Re'?|).

Graf’s formula [2, Formula (9.1.79)] gives us the following decomposition of I';:
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Hél)(ik|rei9 —Re?)) =Y HY (ikr) [, (ikR)e™6=0) ¢ > R,
meZ

with H,S} )and Jm being respectively the Hankel and Bessel functions of the first kind
of order m.
For all g € L?(]0,27[), we introduce the Fourier coefficients:

1

27 .
| g(@yemtag,

and have then -
Y g(m)e™ in L2

m=—o0

Let D be the disk with radius R and center 0. For y(r,0) € Q,
iR 27 _y,. ; ;

&mm>=z Hy' (iklre® — Re'|)g(9)dg,

i HY (ikr) [, (ikR)e ””9/0 g(p)e ™ dg

m=—o0
= an ) HY (ikr) [ (ikR) ¢ (m)e™®.
m=—o0

Fory (1,0) € 9Q), we therefore obtain

Solgly) = Y. Sp(m)g(m)e™,

m=—0o0

with R
Vm € Z, Sg(m):lz” ) (ik) T (ikR),

and analogously,

Solsly) = Y Sa(m)g(m)em,

m=—0oo

with
i

Vm ez, So(m) = HY (k) [ (ik).

We can prove, in a similar way, that

Kalgly) = Y. Ka(mg(m)e™,

m=—oo0

with .
VmeZ, Ka(m)=—5"Hy (k)] (ik).
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Using Proposition 9.1.1, we can express the Fourier coefficients of the operator with
kernel G;(y) for all z(R, 8) € 0D defined by

(o]

| G- dst) = Y Clm)g(mpe™,
as follows: .
VmeZ, Glm)=— SD("f)A ,
Ka(m) + 3Sa(m)
that is,

~ B Jm (ikR)
m e L, Gm) = G ) + 1)

Moreover, the function ®&.. defined by (9.4) can be written as

. o Jm(ikR)
Dexe(R, 0) = mgw ikl ]}, (ik) + Jm (ik)

§(m)e™. (9.8)

When () is approximated by the unit disk, we have shown that we can easily
invert our operator (9.7) and obtain an explicit formula of our Green’s function G,.
We can then calculate the excitation light fluence, for any source g, in this particular
case. The same result holds for the unit sphere; see Appendix C.

9.2 Expression of cg;,
Recall that the concentration of fluorophores cq, can be expressed as

car =9 [l/l] |BC’

where J is a constant and u,the voltage potential in our domain, satisfies (8.4).
Let L3(9C) := {¥ € L?(3C) : [,-¥ = 0}. Let T'0 be the fundamental solution
to A in R%:

zilog|x|, d=2,
rO(x)=q¢ " (9.9)

Analogously to Chapter 9, we introduce the layer potentials, Séo), Sg) ), D((:O), Dg ), ICéO),

and (ICéO) )* associated with T%). The following proposition from [77] gives us a rep-
resentation formula for the voltage potential in ().

Proposition 9.2.1. There exists at most one solution u to the problem (8.4) and it satisfies
the following representation formula:

Vx €0, u(x)=H(x)+DY¥](x), (9.10)

where the harmonic function H is given by
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emt

Vx € RP\3O, H(x) = =) [gae) (¥) + DY ulan) (x),  ©911)
and ¥ € L3(9C) satisfies the integral equation:
oD [¥]

(
¥+ p—5, —

The decomposition in (9.10) is unique. Furthermore, the following identity holds:

= —[Saaij on dC. (9.12)

Vx € R2\Q, u(x)=H(x)+ Déo) [¥](x) = 0.
Since the normal derivative of the layer potential is continuous across its bound-

g—z ‘ ac” and hence
for cq, thanks to (8.4) and (8.5). For a given applied electric field g and cell C, one

can therefore compute the fluorophore concentration cg, on dC.

ary, the representation formula (9.10) gives us an expression for

8

emt

9.3 Expression of ®

The emitted light fluence @3, due to an excitation g is the solution to the following
problem:

_Aq)egmt (y) + k2 CI)«fmt (y) = % Coir (y) q>§xc (y) in Q/
PR (9.13)
(= y) + P5u(y) =0 onaQ,

where ®3,. is the excitation light fluence launched by the source g in Q).
The following result holds.

Theorem 9.3.1. There exists a unique solution ®emt in H(Q) to (9.13).

Proof. We follow a similar proof as for ®¢yc and prove the theorem using Lax-Milgram
theory. O

We illustrate with a few numerical simulations the fluorescence forward prob-
lem. We take an elliptic domain (2 in which is an elliptic cell C with fluorophores
on its membrane. We choose to virtually illuminate our domain with a source
f = 30cos(26). We compute with a finite element method the resulting ®ex. and
®emt and plot respectively their real and imaginary parts. We consider here that the
flourophore concentration is constant over the membrane.

The measured quantity on d() is

18 _ _Dacbégmt

emt — av aQ’

which is the outgoing light intensity determined from Fick’s law. It is worth men-
tioning that, in our coupled diffusion equations model, if £ # 0, then knowing ®3 .
or 9®; . /dv on 9Q) is mathematically the same.
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Figure 9.1: (a) Real part of @exc. (b) Imaginary part of Pexe. (c) Real part of Pemt. (d)
Imaginary part of part of Pemt.
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Proposition 9.3.1. The emitted light fluence ®F_, can be expressed as a function of G, and
D&, as follows:

e, 0%() = [ L Cuw)enly) oty dsty),

where dC is the cell membrane.

Proof. Since G and @7, are the solutions to the problems (9.3) and (9.13), we have

®5e) — [ 5 Gl cnnly) ety = [ [(-8,G:lo) + B Gl 08 (v

Ga(y)(—ADE(y) + R D emt<y>>] dy.

Besides, we can apply Green’s formula:

¥ oG 0P
(e~ [T Gty enty) @he)ay = [ [~ 2% Wag () + 6. Pl sy
Using the boundary conditions that G, and @ . verify, we then obtain
1 IDS
@il - [ F e amwekwar = [ |j6@k+ 600 e s,

= 0.

Since the concentration of the fluorophores is zero except on dC, we get finally the
formula:

e, 0% = [ LGy cnly) ®Eely) dsy)
[

By combining the results of the first section and of this last section, for a given
concentration of fluorophore cg, and an excitation g, we can express ®¢ ., at any
point of O, and in particular on Q). Moreover, section 3.2 gives us a unique for-
mula for the fluorophore concentration for given g, and C. If we couple these two

formulas, we solve our forward problem.
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Chapter 10

Cell membrane reconstruction

The shape and position of the cell C are now considered to be unknown. We il-
luminate our domain with a light source ¢ and apply an electric field g at its
boundary. We measure an outgoing light intensity IS .. Our goal is to reconstruct
the concentration of fluorophore cp,. We will thus have an image of the membrane
potential changes and hence locate the cell. In this section we consider only the two-
dimensional case. We start with the reconstruction of the cell membrane dC in the
case when it is assumed to be a perturbation of a disk. We derive analytical formulas
for the resolving power of the proposed imaging method in two different regimes.
Then we extend our results to arbitrary shapes. In three dimensions, similar results
hold and analytical formulas for the resolving power of the imaging method can be
derived for dC being a perturbation of a sphere.

10.1 Problem Formulation

The excitation light fluence, <I>efxc, due to a source f € LZ(BQ), is the solution to
—ADL () + 2L (y) =0  inQ,

DL

ET(y) + Puc(y) = f on 9Q).

We denote by ®&. the excitation light fluence due to an excitation ¢ € L?(dQ2). The

emitted light fluence, @3, due to the excitation of the fluorophores by ®&,, verifies
v :
_Aq)egmt (v) + K CIDegmt (v) = D car(y) DE e (v) in (),
oS
092 () 4 () =0 onaQ.

By multiplying the last equation by CIDefXC and integrating on our domain (2, we ob-
tain the following formula:

/Q % Cﬂr(y) q>§xc(y)q)g;@(y) dy - /Q

— AP ()DL (y) + K D5 (1) DL (v) | dy.
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From the first equation, we know that in ):

R 0L, = AL DS

emt-

Hence, we have

/Q % e () P (y) Pse(y) dy = /Q

NS (y)Pheey) + ADL <y>¢§mt<y>] dy.

Green's formula gives us

dd oo/ .

| 5 enew) @S @bet) dy = | Q[ aimt(y@élc(y)+7<y)¢§mt(y)} as(y)-

We use the boundary conditions of our two equations and obtain that

[ L e @S @bect)dy = 5 [ F) Pnly) ds(y).

The concentration of the fluorophores is zero except on dC, so we get finally the
following proposition.

Proposition 10.1.1. Let f and g be in L2(3Q)). The outgoing light intensity IS . =

— D %emt emt measured on dQ), satisfies the formula:

| Fen) )@ dst) = [ FO) 1) ds). (10D

This formula also holds for ¢ = 0.

For two chosen excitations f,¢ € L?(9Q)) and a measured outgoing light in-

tensity IS ., we can compute the integral / f(y) I2..(y) ds(y), and hence, thanks

to the last formula, /a . ¥ car(y) q),fxc(y)@g;c(y) ds(y). Recall that the constant ¥ is

assumed to be known. Then, if we properly choose f and g, we will be able to
reconstruct cg, 1¢, and therefore to image the cell membrane oC.

10.2 Reconstruction of the cell membrane: case of a per-
turbed disk

We consider a circular cell C with radius R. We choose to excite our medium with a
source given by

fu(¢) = Ene™®,
forn € Z,¢ € [0,2m] and E, := ikl]; (ik) + J,(ik). It gives us, thanks to formula
(9.8), the excitation light fluence ®f,

Vo € [0,271], @ .(R,0) = J,(ikR)e "
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Let @, be the emitted light fluence, and let Il , = Daq;%m laq be the outgoing
light intensity measured at d() when the cell occupies C and the source f; is applied

at 0Q). It follows from (10.1) that

| Tear(O) (R, 0)DLc(R, O)RAD = 270 Eyy [y (). (102

Besides, we also have
Foae(0) e (R, )P (R, 0)RAO = 2707 R J ikR) Jn (ikR) gu(n + m).

Let C¢ be an e-perturbation of C, i.e., there is h € C?([0,27]), such that 9C is
given by
dCe = {%;%(0) = (R+€h(0))e,, 0 € [0,27]},
with (e;, eg) being the basis of polar coordinates.

Our goal is to reconstruct the shape deformation / of our cell. Let ® . . be the
0P}

emitted light fluence and let I, . = —D—57<|35q be the outgoing light intensity
measured at the boundary of our domain Q) When the cell occupies Ce and the source
fn is applied at 0Q). Again, it follows from (10.1) that

emt,e

| A () () D) d(x) = 277 Epy T (). (103)
On the other hand, we have
/a Yenr (%) Peye () Pexe / Feae (%) Ju(ikR(0)) i (ikR(0)) e "5, (),
Ce

(10.4)
where R(6) = R + €h(0) and cy, is the concentration of fluorophores on the de-
formed cell membrane 0Ce.

We want to compute the first order approximation of our integral (10.4). Taylor-
Lagrange’s theorem gives us the following expansions, for all N € IN:

N (ikeh())P

Ju(ikR) = Y p, T3P (ikR) + o (e),
- ' (10.5)
Z zkeh ( P)(ikR) + o(eM).
In particular, at first order,
In(ikR) = Jm(ikR) +eikh(8)],(ikR) +o(e), 06

Jn(ikR) = J,(ikR) +e€ikh(0)](ikR) +o(e).
We can easily get an expansion for the length element ds. (), for i € 9Ce:

dsc(7) = |x'(0)|d6 = ((R +€h(0)) + (eh’(@))z)% do = i e"o™(0)do, (10.7)

where (") are functions bounded independently of 7 and, at first order, we have

dse(7) = Rd6 + eh(0)d6 + o(e). (10.8)
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10.2.1 High-order terms in the expansion of cg,

We denote u, (resp. u) the voltage potential in our medium, when the cell occupies
Ce (resp. C). We assume, thanks to (8.5), that our concentration of fluorophores cg,
(resp. cgy) on 0Ce (resp. dC) is given by

Cr = 0 [tte] |,
resp. car = 0 [u]] 5

To find the first order term in the expansion of cg,, we must therefore expand
at first u.. Similar problems have been considered in [40, 41]. Nevertheless, our
derivations, based on a layer potential technique, differ significantly from those in
[40, 41].

We know, from Proposition 9.2.1, that u, (resp. 1) admits the following represen-
tation formula:

Vxe O, us(x) = He(x) + D((:(Z)[‘Pe](x)
resp. Vx € Q, u(x) = H(x) + D(CO)[‘Y](x),

where the harmonic function H, (resp. H) is given by

VreRI\OQ,  He(x) = 84 [ael(x) + D luclan)(x)
resp. Vx €R2\Q,  H(x) = 8 [gael(x) + DY ulnl(x),
and Ye € L3(9C) (resp. ¥ € L3(9C)) satisfies the integral equation:
e T = _ 10.9
Yo + B 37 B 5 on dCe (10.9)

pO) [¥]

0
resp. ¥ + ’Bg—v _‘BE(%I onaC, (10.10)

where 7(X) (resp. v(x)) denotes the outward unit normal to 0C¢ (resp. 9C) at X (resp.
X).
Therefore we obtain, for all x € (),

te(x) — u(x) = DY futelan — uloa] (x) + D [¥e)(x) = DE[¥](x),
and, on 9Q):
ue(x) — u(x) = (5 + K e — u)(x) + DY[¥e] (x) ~ D] (x).

Our first step is to find high-order terms in the expansion of ¥.. We define the
operator L. (resp. £) on L2(dC¢) (resp. L>(9C)) by

op0
ot = 2

(0)
resp. L[f] = BDS—V[f]

(10.11)
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Proposition 10.2.1. Let D be a bounded C*'- domain in R?, for 0 < < 1. We denote

by Lp the normal derivative of the double layer potential on D, Lp := BDI(DO ) /v, Then,
[+ BLp:C*1 — CYIis a bounded operator and has a bounded inverse.

Proof. The boundedness of Lp : C21 — Cl is proved in [49]. Note that since Lp is
not a compact operator, we can not apply the Fredholm alternative. However, Lp is
positive [102] and the proposition follows since g > 0. O

For f € C*"1(9C,), ¥ € 0Ce, Le has the following expression [77]:

oD 7(%), 7(7
S;[f] (x) = _i/ “'—(g»(f(}])—f(f))dse(]})

The outward unit normal to 9C at x, v(x), and the tangential vector, T(x), are, in
terms of polar coordinates:

where R_ 7 stands for rotation by — 7. In our case, we then have

o(F) = (R+€h(0))e, — €h’(0)eg . (10.12)

((R+¢€h(6))2 + (eh'(6))2)?

We can expand 7 (%), for x € dC, as follows:

(%) = i e"v("(9), (10.13)

n=0

where the vector-valued functions v(") are uniformly bounded independently of 7.
In particular, at first order, 7(¥) for ¥ € 9C, is given by

(%) =¢e — hll(f) eg +o(e). (10.14)
Set X, 7 € dCc. We have
¥—7=R(er(x) —er(y)) +€(h(07) er(x) — h(6Y) er(y)). (10.15)

If we denote
c=cos(0* —6Y), s=sin(0* —6Y), (10.16)
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then we obtain
|% — > =2R?*(1 — )+ 2eR(1 —c)(h(6%) + h(6Y))
+€2 (h(6%)% + h(6Y)2 — 2h(6%)h(6Y)c) .
and

1 1 1
| — 7|2 2R2(1—c) 1+ €F(6%,0Y) + e2G(6%,0Y)’

(10.17)

where

F(0%,0Y) = (n(6%) —Ii{—h((?y))’ G(0%,0Y) = <h(9x)er2(13;)2(—1}i(i§) er(y»z.

Likewise, we write

1 1 1

[T —g]*  4R*(1—c)? (1+eF(6%,6Y) + 2G(6*,6Y))2" (10.18)

It follows, from (10.12), (10.7) and (10.17), that

SO\ (o 2
R = RS

1 R
1 + eF(6%,0Y) + e2G(6*, 6Y) ((R + eh(6%))2 + (eh/(gx))z)%

<

Rd®Y,

where
Ko =v¢,

K = % [(R(6%) + h(6¥))c + (' (6%) — ' (6¥))s],

W (6*)h'(6Y)

K2 = ——75

cC.

One can see, from the previous formulas, that the singularity of for

i € [0,2] is of order O(]|6* — 6Y|~2), since 1 — ¢ = O(|6* — 6Y|2).
Likewise, thanks to (10.12), (10.7) and (10.17), we can explicit M; for i € [0, 4]
such that

K;
2R%(1—¢)

(F—g 0(@))(F-7,0F) , . _ Mo+eM +eM+eMs+e*My
| . ds€(y)_

% — g4 4R%(1 — )2
X 1 R Rd4©Y,
(1+€eF (0%, 67) +€2G(6%,6Y))% (R 1 eh(6%))2 + (e (6¥))2)?
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and the singularity of m fori € [0,4] is of order O(|0* — 6Y|~2). Therefore,
we get
Lo dse(f) No + eNj + €2N, + €3Nz + €N,
cfsely) = 2R4(1—¢)2
1 R

Rd®Y,

T+ eF(6%,0%) + 2G (6%, 0))? (R + eh(6%))2 + (el (6%))2)?

(7(%),7(¥))
% — 7
_ N
2R*(1—c)?
here the expressions of N, N3, Ny due to their length, but Ny and Nj are given by

AL

where L¢ := — is the kernel of L. and the

Qt

singularity of for i € [0,4] is of order O(|6* — 6Y|~2). We do not give

No = —R?*(1—¢),

Ni = —2R(1 - c)(h(6%) + h(6¥)).

Recall that

(h(0) + 1(6¥))

(h(0%) — h(6Y)% + 2h(6*)h(6Y)(1 — )
= , .

F(0%,67) = 2R2(1— )

G(6%,0Y) =

We introduce the following series, which converges absolutely and uniformly,

1 R =
e’F,(0%,0Y).
(14 €F(6%,0Y) 4+ €2G(6*,06Y))? ((R + eh(6%))2 + (eh/(gx))z)% ; 2
The first order term is given by
x Yy
F(6%,60Y) = — (31(67) + 2h(6 )) (10.19)

R

Note that (Fy)pen, like F and G, have no singularity and are uniformly bounded.
We define the following functions, for all x,y € JC:

o __ No , o — Noh N ,
2R*(1 —¢)2 2R*(1 —¢)2
(@ — Nob2 + Nify + N, 1(3) — Nofs + Nilz + NoFy + N3
2RH(1—c)2 ' 2R%(1 —¢)? '

and, forn > 4,

1
L ] (NoFy + N1Fy—1+ NoFy—p + N3Fy—3 + NyF,—4) . (10.20)

~ 2RY(1—¢)2
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Thanks to the explicit formulas of (N;);c[o,4 and (10.19), we obtain in particular that,
forall x,y € 9C,

(U R SRR C L CA)

2R3(1—¢) T 2R3(1—¢)’ (1021)

where c is given by (10.16).
By construction, L("), for all n € IN, have a singularity of order O(|6* — 6Y|~2).

The integral operators (£)), <N, associated to the kernels (L"), cn, are given,
forall f € C>1(3C), x € 9C, by

L) = e [ L@ )(f(8%) ~ (%) Rae

It follows from (10.21) that, for all C>"(aC), x € 9C:
LOU)(x) = LIfl(x) and  LO[f](x) = ~h(6") L[f](x)- (10.22)
We can now write, from our construction, an expansion of L.

Proposition 10.2.2. Let N € IN. There exists C depending only on R and ||h|c2 , such
that, for any f € C*1(3Cc), 0 < 17 < 1, we have

N
|| Lelf] 0 — LIf] — Zoe”M Allenae) < CeNFIflleanac)

where T is the diffeomorphism from oC onto dC¢ given by Te(x) = X and the function f is
defined by f := f o Te.
Proof. Let f € C>'. We know that
order O(|0% — 6| ~2).
N:
1
Thanks to the C*-character of f, (6%,6Y) — m(fwy) — f(6*)) have a

i , . .
IR — o) for alli € [0, 4], have a singularity of

singularity of order O(|6* — 6¥|~1).
Besides the Hilbert transform is a bounded operator from C% to C%"7. From the
boundedness of / and its derivatives, it follows that the operators associated with

N:
the kernels Wl—c)z for i € [0,4] are bounded from C?7 to C1'.

Since the (Fp),enN are uniformly bounded, the construction of L") (10.20) implies
that there exists a constant K(R, ||]|¢2) such that

|1t [lleonacy < K f'llcongacys
where f’ is the derivative of f with respect to 6. Likewise, since the kernel of

_ _ _ /
LM[f)(x) is of order O (f(y) f<)|2 — ;Tz vf (x))’ the C?-character of f gives
us a singularity of order O(|6* — 8Y|~1). We therefore obtain that

EO 1 leorey < RIF ey
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where K(R, ||h|z2) is a constant and f~ is the second derivative of f. Therefore,
there exists a constant K(R, ||h]|;2) such that

£ P lleraacy < KlIflleznacy:

For all n € N, the operator £(") : C? = Cl7 is bounded and the constant K
does not depend on n. Let N € N. Let f € C>7(dC.). We introduce f := f o e,
f € C>1(aC). We have

0 N+1

n € K
H Z Gnﬁ( )[f]HCl"?(aC) < 1 _GKHfHCZ/”(BC)’
n=N+1

which ends the proof of the result. O

By substituting the result of Proposition 10.2.2 into the integral equation (10.9)
verified by Y., we obtain for all N € IN that

9H,
55 (%)-

VxedC, (I+BL+P % €"LIN[F] (%) +0(eN) = —B (10.23)
n=0

We use Taylor-

oH.,
57 %)

p=01a|=p *

aHe ( > Z 3"‘VHe )(h(G)V(X))"‘> < Y ery(P) (9)> . (10.24)
! =
In particular, at first order, we have

! 2
E);e(f) - age(x) te (—h1§3> a;;e(x) (o) 2k (x)> : (10.25)

Our integral equation (10.23) then becomes

VxedC, (I+BL+B Y @ LONE](E) +0(eV) = —B Y e"Gulx),  (10.26)
p=0 =

where (Gy,),en are the coefficients in the expansion (10.24).
Equation (10.26) can therefore be solved recursively in the following way:

YO = —B(I+BL) 1G],

Vn <N, ¥ =—pI+BL)"|Gy+ )y LIyl

p=0

n-1 ( )] | (10.27)

In particular, thanks to (10.22) and (10.25), we have

YO — —p(1+pe) (),

(10.28)

R? 060 or? 0

We obtain the following proposition.

/
() = —B(I+pL)! <_h_% _|_ha H. _h ayD( )[1{;( )]) .
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Proposition 10.2.3. Let N € IN. There exists K, depending only on N, R and the C2- norm
of h, such that

N
¥e— Y € ¥ ||o2ngac) < KeNTH, (10.29)

where (¥ ™M) ,,< N are defined by the recursive relation (10.27).

In order to prove Proposition 10.2.3, we need the following result [74, Theorem
1.16].

Lemma 10.2.1. Let X and Y be two Banach spaces. Let T and A be two operators from
X to Y, such that D(T) C D(A), where D(T) and D(A) are the domains of T and A,
respectively. Let T~ exist and be a bounded operator from Y to X (so that T is closed). We
suppose that two positive constants a, b exist such that

Vu € D(T), [|Aul[ < af|ul + b][Tull,
al|[T7Y|+b < 1.

Then S = T + A is closed and invertible, S~ is a bounded operator from Y to X and the
following inequalities hold:

1H HT_1||
~1—a||T Y| -b

-1 -1
1) < T [|CalIT""|| + b)

1 1= a[T 7] =

s~ ~

If in addition T~ is compact, then so is S™1.

Proof of Proposition 10.2.3. By definition, ¥, verifies:
(I+ﬁ£€) Te - _ﬁ Z €1’1Gn

Besides, it follows, from our recursive construction of the (¥ )iclo,n), that

(I+BL+PB Ze”ﬁ ZeP‘I’ =—BY €"Gy+eNTlAy,
n=0
N N+n 00
where Ay = ) e ) LNFF=p) 19 (P)] 4 g Y €" Gni1tn-

Therefore, we have

n=1

_ % enlf(n) — <(I+‘B£€)_1 _ (I—i‘ﬁL—Fﬁ % €n£(n))—1> [_’B i €nGn]
n=0 n=0

(1+/3£+5Ze".c “HeNTlAN].
n=1

(10.30)
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We know from Proposition 10.2.1 that the bounded operator T := I + BL. :
C21 — CY has a bounded inverse T~ : C11 — 2. We define

N
A=BL+BY LM —BL..
n=1

From Proposition 10.2.2, it follows that there exists a constant C(R, ||/1||-2) such that
||A[“]||Clw(ac) < C€N+1||u||cl'7(aC)-
For € small enough, we have
CeNTHITTY| < 1.
In the following, we apply Lemma 10.2.1 witha := C eNtland b := 0.
The operator S :=1+ BL+ B % ¢" £ has a bounded inverse, which satisfies:

n=1
IT~1]
C€N+1||T—1||’

I+ BL+p Y )| < .

n=1

and ([(1+L4p Y L) — (14 pLp) | < Lo T
& Tk
We use (10.30) to get
N N+1||T—1H SH
Ye— Y ety € (C - ‘ ’ A )
[ve- B ev||, = et (1|5, + vl

Recall that He is C* on dC. Hence, for all p € N, G, is bounded. From Proposition

10.2.2, we know that £ : C21(9C) — C'1(3C), for all n € N, are bounded opera-
tors. We have also, from Proposition 10.2.1, that (I + B£)~! : C7(aC) — C?"(aC)
is bounded. One can prove recursively, from the construction (10.29), that, for all

p € N, ¥() is C>"(3C) - bounded. Ay and % are therefore C17(aC) - bounded.
Finally, we obtain that there exists a constant K(N, R, ||h||;2) such that

N
que_ Z GnT(n) < K€N+1,
n=0 c21
and the proof of Proposition 10.2.3 is complete. O

We now explicit the first order term in the expansion of cq, as function of the cell
membrane perturbation. For doing so, we introduce, forn € IN \ {0} and x € 0Q):

()= Y /Oznh(.y)i (vy(%r“”(x,y))-v<f><y>)T<k><ey>a<l><ey>dey.

i+jtktl=n i y
(10.31)
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It follows from (10.8), (10.14), (10.29) and (10.31), that for all x € 9Q):

W= 7O O (e, ey O @ Rde L [T 2 rO) (2,9 @y (69
= arg XY RJo oev Y
o g 27
() () y y ) ) (py LAY, Ik
T fy T ey ¥U(eRA +/ ar, | TG

In terms of polar coordinates, the Laplacian has the following expression:

2 10 192

A= Trar T e

Therefore, we have for all x € 9Q):

1 27 92 1 /27 9
v1(x) = = WT(O)(X,y)h( vy (0) (gv)dey — ® ) aeyr( ) (x ’y)ty(o)(gy)h/(gy)dgy
2 (1)(93/) 4oV
b [ 200y @ e
ary

Besides, we obtain, thanks to (10.29) and (10.31), that

:|+¥€Un o(eM).

The integral equation (10.10) that ¥ verifies, then gives us

DO (x) = —pDE (I + L) [

JH,

N
— } + Y v, +o(eN
ac

Vilpe OV n—1

By definition, we have on oC
H.— H="DY =
€ Q [ue|an — ulan)-
Let £ be the operator defined by

eblx) == Q1+ ) 5 (DF)0)

} ) - E kD)), 03

for all v € L3(0Q)) and x € 9Q).
Recall that on 9():

e (x) — u(x) = (5 + K ue — u](x) + DL [¥e] (x) — DY [¥] ().

We obtain, for all x € 9(), that

(I+&)[ue —ul(x) = ) " vu(x) + o(eM), (10.33)



10.2 Reconstruction of the cell membrane: case of a perturbed disk 115

and, at first order,
(I+&)ue —u](x) =€evi(x) +o(e),
where v, is given by the formula:

1 27 9 d
n(x)=—¢ | W(h(éy)ﬁl‘(o)(x,yO ¥ (6v)de¥ + DO FD](x).  (10.34)

Proposition 10.2.4. Let £ be defined by (10.32). The operator 1 + &£ is invertible on
L3(002).

Proof. The operator £ is compact. We can therefore apply the Fredholm alternative.
Let us prove the injectivity of I 4+ £. For doing so, we introduce the function v
defined on () by

ac] .

It follows from Proposition 9.2.1 that v is solution to (8.4) with H = Dg) ) [0]aq]- The
decomposition of the representation formula of such a solution is unique so that we

o(x) = DY ol ~ DY (1+50)" | 52 (DY [e)

d d
have S(()O ) [£ lan] = 0 and hence 991 = 0. Since v is harmonic, we obtain that v is

ov

1o}
constant in (). Recall that / v = 0. Therefore, we have v = 0 in ). Besides, on 0(),
90
v verifies:
Vx € 0Q), v(x) = —&[v](x).
We have proved the injectivity and hence invertibility of I + & on L3(90}). O

Now, combining Proposition 10.2.4 and (10.33) yields
N
ue(x) —u(x) =Y " (I+ E) Hou)(x) +o(eN).
n=1

Note that by construction ¥(") and thus v, still depend on e. We can remove

this dependence from our asymptotic formula in the following way. We introduce
oH

(GY),en the expansion of —. Let (v%)neN\{o} and (‘I’é”))neN be defined by (10.31)

ov
and (10.27), where (Gy),eN is replaced respectively by (G)),cn. We then obtain

that
Vx€dC,  Ye(x) =¥ (x) +0(1),

Vx €9,  ue(x) =u(x)+o(1).

By repeating the same procedure with H + eDg) )(I + &)71[¢Y] instead of H, one
finds (v}, )nen+ and (‘I’gn))neN such that

Vx €dC,  Ye(x) = ‘I’go)(x) + e‘ifgl)(x) +o(e),
Vx €9Q,  ue(x) =u(x)+e(I+E&) o] +o(e).

One can prove the following proposition, by repeating the same procedure until
one obtains (UnN)ne]N\{o}-
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Proposition 10.2.5. Let (v, )ne[l Ny and (Y " ))ne[o,N} be the functions defined above. The
following asymptotic formulas hold:

N

Vx€9dC, Ye(x)=) ¢€" ‘I’g\?) +o(eV),
n=1
N
Vx €0Q),  ue(x) —u(x) = Ze"([+5)_1 [oN](x) + o(eN).

n=1
The remainder o(eN) depends only on N, R and ||h|| o2

We can now compute the first order term in the expansion of cg,.
Recall that ¢, = 6 [ue] ‘ aC. The boundary conditions (8.4), that u, satisfies, give

us

- 5/388”1‘/6 — _5Y,.

Let us find the first order approximation of Y. We apply the previous procedure
to obtain ‘Pgl). Hence, one introduces:

oH
¥ = i pe) 5],
WoH 9H . 9 (1035
1 _ | " B (0) (g (0)
¥ = —B(I+BL) { =25 T 5 —hg De (1.

Observe that 1~I’(()0) = Y. Thanks to (10.34), one can write v(l) for all x € 9(:

27 0 0
o (x) = — 11{ a7 <h(9y)wr<>( ,y)) ¥(0¥)deY + DO ¥ V](x).  (1036)

Therefore, we get

WoH  o*H 9 _ b)
() — _g(1+pL)1 (—ﬁ 5 TS 5.0 (14 €) 7 [of] - hs DL [¥]

or
(10.37)
We first recall the mapping properties of the operators IC(DO) and (ICI(DO))*. It is

known that if D is a C?>" domain, then g) ) and (ICgJ) )* map continuously C1(aD)
into C?"(9D) (see, for instance, [127]). We also need the following result.

Lemma 10.2.2. Let D be a C*' domain in R?, for 0 < 7 < 1. Let ¥ € C1(aD). We have

Org)] = x19% 9 4
a0 Y| =Fa57 a7 /2]
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Proof. Let¥ € C11(9D). Recall the jump relation of the double layer potential across

the boundary 0D:
I
DY)l = (5 +K8) )

The result of the proposition is simply obtained by taking the tangential derivative
of the previous formula and making use of the mapping properties of ICZ()O). O

Corollary 10.2.1. Let D be a C* domain in R?, for 0 < n < 1. Let h € C%(dD) and let
Y € C?1(aD). We have

_8 0 (0) _I (0)+ _8 oY d (0 B‘I’_a d
SO+ (=5 ) )| =5pSr | = 58 155 - spharl i)

(10.38)
In the particular case of the disk C, we obtain that

_ 19,9 50 L ey [ L 9, 9Y]
k296 "6 Pc [‘F]‘_+< 2+ Ke) ) ~reglae) =

Proof. From Lemma 10.2.2, we know that

_ 9y O popg| 19, 9,0 oy
aThaTD [‘1’]‘_— 2aThaT oT aT’C [¥]

Besides, the tangential derivative of the operator Kg)) can be expressed as follows

81, p.144]
O] — _ (g0 2F
for ¥ € C>"(dD). We thus obtain easily the result (10.38).

Recall that, for a disk of radius R, the operator IC(CO) admits the explicit formula

1 27
k&M = - [ ¥ (@),

which does not depend on 6. Its tangential derivative is therefore zero, and we have
the formula for the disk. Finally, we note that (IC(CO))* = ICEZO) and hence,

<;c<c°>>*{§_9h§)_‘;’] —0.
O
The next step is to find w such that
(14 &)[w] = 13. (10.39)

From Proposition 10.2.4, it follows that there exists a unique function w solution to
(10.39). The following result holds.



118 CHAPTER 10. CELL MEMBRANE RECONSTRUCTION

Proposition 10.2.6. The solution to (10.39) verifies the following equation and boundary
conditions:

([ Aw =0 inCuQ\C,
ow ow 1 0. 0¥
|, "] T e onac,
Jw h Ju 1 0. 9du (10.40)
w |y —w |- —p =B (E§ +2230"39 _) onaC,
a_w =0 on 9().
\ v 00

Proof. The solution w of the problem (10.40) satisfies the representation formula:

! aha—T](x)—FDéo)[A](x), (10.41)

VxeQ, w(x) =Dy [whal(x) + S [~ 5 35h 5

where the density A on dC is given by

h ou 1 0, du d
_ -1 | nou L o0, 0U 9 5(0)
A=-pU+BL)" =23, “Reae'as| T P0 @l
I 1 0. d¥Y
_ x3(0) ) | = Y90
*’( 7 (ko) ) { Rzaehae}]'
(10.42)
Thus, for x € 0Q),
_ 5oL 9,0
(1+ &)[0)(x) = 80 [- mya:h 551 (x)
h ou 1 0, du

b (1+pL)"!

I (0) 1 0, 0¥
() [‘m’“a—eu'

(10.43)

il Midad

Ror R?06 06

By integrating by parts twice, the first term in our equation becomes
0

s¢

27
1 0 ,0Y 1 a<(9y)a

e Ml — - = _1(0) V\dgY
Rzaehae](x) R Jo 260 a()yr (x,y)) Y(6Y)dev.  (10.44)

Hence, we obtain that

19 0%
x) = ol (x) = DO ¥V (x). (10.45)

©0p_ 1 9,071
SO -5 5 1)

The representation formula of u and the expression of the Laplacian in terms of
polar coordinates give us

1 0, 0u WoH *H hoH 1 9,0 ()
R236'90| “ R0 "o “Rar T REae'aerc Y| - (1040)
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Observe that by definition of ¥, we have on 02

g—’;‘ =7 (10.47)

One can then derive the integral equation that ¥ verifies and obtain that

hou hoH — hd_ o
“Rar TRar - Rarle [T (10.48)
The second term in our equation (10.43) becomes

_ap© [ _HWOH  PH hd o
BDC 1+ BL) | o5 5p Thsy — 15, Dc (Y)|-

It follows from (10.37) and (10.45) that

Vx € 0Q), (I4&)[w](x) = o(x).

We have obtained an approximation at first order of cg,:
iy = cgr — e6¥LY
Cflr Cir — €014 +o (6),

where ‘I’gl) is given by

M _ [ WoH *H 9_© 9.0
() = _g(1+pL) oy +hs + = Dw =D (¥)|,

and w is the solution of (10.40).
We can now derive the first order term in the asymptotic expansion of (10.4) as

€ — 0.

Theorem 10.2.1. The integral (10.4) admits the following asymptotic expansion:

[ )RS (x) = [ e (6) P (0) ()i ()

(10.49)
+e /a i (Aca(®)n(6) — 5B (8)) e "7 d6 +-o(e),
where the constants A and B are given by
A = ik]! (ikR)J,;u (ikR) R + ik],, (ikR) ]’ (ikR) R 4 J,,(ikR) ], (ikR), 1050)
10.50

B = J,(ikR)Ju(ikR) R.
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10.2.2 Fourier coefficients of ‘Y&l)

Recall that Q) is the unit disk and C is the disk with radius R < 1. In terms of
polar coordinates, the fundamental solution 'O of A in R?, given by (9.9), has the
expression

Yy (r,0) € O, Vz (R, ¢) € Q, (y) = 41—7T log(R? +1* — 2rR cos(6 — ¢)).

The decomposition of log into a power series gives us the following formulas:

1 1

—10 R— (=)l imO=0) jfy < R,
r(y) = AT . (10.51)
Y =93 1 1 1 R inog) :
5 logr — — ) |n|( ) enlo=¢ if R <,

neZ*

where Z* = Z \ {0}. Let f € L?(]0,27x]). By reinjecting (10.51) into the definition of
the following operators, we obtain for y(R, 6) € oC that

(0) _ _1 - |n| m9
SR =F0+ TR fmer,
(0)
PO =5 X R e,
nez*
(0)
Py =2 T Inl g fn) e,

nezx

Recall that H satisfies the following representation formula on JC:
H = [gele] + D UO]

where gele = =

and fp = u|yn. We therefore get
J Q)

HO) =0+ 5 1 (aeln + fm) ) R e,

nezZ*
oH _ EY (Y i
w(e) —nGZZ*an(n)e ,
0’H 1

=5 0) =25 Y Inl(In] =D H(n)e™.

nez*



10.2 Reconstruction of the cell membrane: case of a perturbed disk 121

Besides, for f € C>(dC), we have

-1
— n £ in
(1+60 7110 = L (1+855)  Fone.
nezZx*
Note that ¥(n) = —B (148 [n[\ " Jnl H(n)
2R R '
We can now write the Fourier coefficients of ‘I’gl) JforneZ*:={meZm#
0},
-y 1|n|RIM-1 XL
1000 = —p 3 o) —f Y hip) - p
1 — p==0
+P 2R (10.52)

B In—pP B
(= pp = pln =gl -0+ R B (1p )

Integral (10.4) becomes at first order:

) . -1
M =T +e2mAspy Y, h(p)H(m+n—p) (1 +ﬁw)
p=—0c0

—

—e 27 Bs ¥\ (m +n),

where I/ = | 76 (x) Pl (¥) Plhe () ds(x) and T = | g (x) @ (1) R (x)ds ().

€

10.2.3 Reconstruction of 1

We introduce the linear operator Q defined on C?(9C) by

Qmn=e Y Funlp)h(p),

p=—0c0
where
A B

+
m +n—p|
2R

Enn(p) =27m6B%

1+8

_ oy B mtn—pP 5 _
+m+n—p|(lm+n—p| 1)+R2R+,B|m—|—n—p| H(m+n—p).

Recall that Z¢"" and Z]"" can be computed from the knowledge of the outgoing light

intensities I . and [}, measured at the boundary of our domain (10.2), (10.3):

— —
Ii’l

Ién’n =2r Em emt,e(m)/ I(;n,n =2m Em Igmt(m)'
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We denote 4 the data of our problem:

m + 1| Rlm+n|-1
|m + n|
2R
where ew is the measured difference of the voltage potential on 9(), when the cell
occupies C. and when it is the circle C.
The operator Q links the perturbation / of the membrane cell to the data of our
problem:

VYm,n € Z, Ay = 271Em< gmte( m) — Igmt( ))—6’78/371(5 w(m+n),

ﬁm,n = (Q[h])m,n + GZVm,n/
with the term €2 Vm,n modeling the linearization error.

We choose to apply at the boundary of our domain () an electric field ggje : 0 —
¢*® with z € Z. Let us compute the resulting voltage potential at the boundary of
(), fo and more specifically its Fourier coefficients. From the representation formula
(9.10) of u and the jumps relation of the single and double layer potentials, we obtain
the following equation at the boundary of our domain:

fo= S ge1e] + fo + K9] + DO ¥,

Since /a R fo = 0 from (8.4), we immediately get fo(0) = 0 and IC [ fo] = 0.

We wrrite, like in the previous section, the Fourier coefficients of the various layer
potentials and of ¥ and get for n € Z*:

2148 ’2"—‘) + Bln|R7"2

fo(n) = | Sele(1).

21+ 1) - g2t -2 1"

Note that $ee(1) = 9;(n). We can now write the Fourier coefficients of H |y in our
case:

H(O0)=0, and VneZz* Hn)= m ZR : ZW5()12'2.
2(1+ B o) = BlnlR

The operator Q has therefore the following simplified expression:

(Q[fl])m,n = € Fin,n(2) fz(m +n—z),

where
Fon@) = |—2— B (mn—nzt ez -1+ BB
i 1+ﬁ|m+n| R2R 1 Bz
2R
2
27685 2(1+B5%) Rl
z '

201+ 21 — plzR2H-2
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Recall that the constants A and B depend on R and k.
The adjoint of the operator Q is given by

(Q*[a])y = e Z jptz—i(2) Bjprzie

j=—00

Then we obtain that

(Q*Qlh])p = € Z |F e (2) [ (p).-

]—700

We now consider the presence of measurement or instrument noise in our mea-
sured data. We thus introduce

A = (QIA))mn + € Vi + Wi,

with the noise term W, , modeled as independent standard complex circularly sym-
metric Gaussian random variables (such that E[|W,, ,|*] = 1; E being the expec-
tation). Here, o corresponds to the noise magnitude. We consider that ¢ verifies
€2 < 0, so that the linearization error is negligible over the measurement error and
we can write:

A = (QIA])mn + Wi .

Following the methodology of [20, 24], we want to asses the resolving power of the
measured data in the presence of this noise.

Since h is C?, |i(p)| < C/p? for some constant C, for all p € Z*. Besides, one
can see that for all m,n € Z, F;, ,, is bounded, for given R and k. Let M be a positive
real such that M < 1/€2. We can reconstruct the Fourier coefficients of the shape
deformation & only for p such that |p| < M, otherwise the linearization error €V, ,
is too large. We suppose that f1, = 0 for all |p| > M.

To reconstruct i, one can minimize the following quadratic functional over ¢:

2

7

HQ (P pmeas
F

where a7 = (a}1%° )mn, ¢ = (¢(p))p, and || || is the Frobenius norm. The ob-

tained least squares estimate is given by

A~

Vpe [-M M), fe(p) = (Q°Q) Q") (p) = h(p) + (') Q' W])

(10.53)
One can prove with the explicit formulas of the operators Q and Q* that the
following result holds.

Proposition 10.2.7. Estimation (10.53) is unbiased and has the following variance:

A A 2 © _1
E (lhest@) —h(p)|2> —~ %( ). IFj,p+z_]-|2> : (10.54)

j=—eo
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Besides Proposition 10.2.7, Parseval’s identity and Graf’s addition formula yield

ol 2 [m/2
X B == [ 15010,
J=—0

where the function f, is defined by

fp(0) = a2ikRsin(6) J,,,(2ikRsin(0)) + (a + Rb) Jp+2(2ikR sin(6)),

2R/ 2710y

with a(R,z) = 2] -
— —_ Zi
21+ 25) ~ lzIR

2]

2
bR, p,2) — a(R,2) 21;;5|§|;Z| <pz + |z|(|z| = 1) + g%'lglz')

We introduce the signal to noise ratio SNR:

SNR = (2)2. (10.55)
The following result holds thanks to (10.54).

Theorem 10.2.2. Suppose that the pth mode of h, i(p), is of order 1, we can resolve it if the
following condition is satisfied:

1 _ 2 (72 2
SNR <;/0 | (6)2d6.

Let us simplify this stability condition under the respective asymptotic assump-
tions |k|R > 1 and |k|R < 1.

Since J_, = (—1)"], ([2, Formula 9.1.5]), we can consider without any restriction
that p +2z > 0.

Assumption 1: |k|R > 1 We assume in this paragraph that |k|R > 1. We use the
asymptotic expansions of the Bessel functions of the first kind and their derivative
([2, Formulas 9.2.5 and 9.2.11]) to find that, in this case, when p +z < 2|k|R, we
have - ,

4Im k)R) n 2 (n!)

)2
— ag ~ k|R .

/ ‘fp ’ 2‘ ’ 2 )g (2n+1)!

Then the resolving condition becomes

~ , 4a > 4Im 1k) )21 221 (n!)?
R! R = .
SNR™' < C(R,z)|[k|]  with C(R,z) Z (20 1))

n=

With large |k|R, we can estimate the coefficients /(p) for all SNR of order 1/|k|,
as long as p+z < 2|k|R.
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When p + z > 2|k|R, from [2, Formulas (9.3.35) and (9.3.43)] it follows that the
following asymptotic behavior of our integrand holds:

fp (@) ~ VL= ’ +v1-— x’ (P+2) e2(pr2z)Re(V1=x) ,2(p+z-1)

g 2(p +z) ¢

. . 2

where x = (M) .
p+z

Since |x| < 1, the last term in the preceding expression is the dominant one, and
makes the integral exponentially small. To resolve the pth mode of / in this context,
we therefore need a SNR exponentially large, which is impossible in practice.

We choose for each p < M an electric model with z < 2|k|R — p. The condition
p+z < 2]k|R is in this way always satisfied, and the pth mode can be resolved as
long as SNR™! < C(R, z) k|

For a fixed z, k and SNR, this inequality gives us a constraint on the cell radius.
In order to be able to image the cell with a given SNR, its radius has to be larger
than a minimal value, R* given by

R*(SNR) = F1(SNR™1),
with

(4 Re(k)t)?" 221 (n!)?
f"",;) 2n) @i+l

F(r) = 20z (; 2

The typical size of eukaryotes cell is 10/100 pm. We use for our different param-
eters the following realistic values reported in [54], [50], [56], [68]:

e the absorption coefficient u = 0.03,

e the reduced scattering coefficient u. = 0.275,

the fluorophore quantum efficiency # = 0.016,

the fluorophore fluorescence lifetime T = 0.56s57 !,

the fluorophore extinction coefficient eexc = 5 * 10* mm_lmolfl,
e The constant § defined in (8.5) is given by 6 = 0.91 + 10 ®mol V1.

It is worth mentioning that the absorption coefficient y is low compared to the

- 1/2
%W) . Then, for given

absorption and reduced scattering coefficients, Assumption 1 corresponds to fre-
quencies w such that w > 10' and therefore, are nonphysical. The minimal radius

reduced scattering coefficient ). Recall that k =

R* increases with z, we thus choose z such that |z] = 1. Since M ~ 10 with these
values of the parameters, this choice does not impose any restriction, because we
have always M — 1 < 2|k|R.
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Assumption 2: [k|R <1 Note that the larger the reduced scattering coefficient is,
the smaller |k| is. The asymptotic expansions of the Bessel functions of the first kind
and their derivative when the argument tends to zero ([2, Formula 9.1.7]), give us
the asymptotic behavior of our integral in the case of a small |k|R:

T (p+2) )
_/ 2;fp %46 ~ (“;‘R) —(?;p_:;)!)z'(a(p-i—z-l—l)-l—Rb)Z.

For fixed z, k and R, the pth mode of /1 can be resolved under Assumption 2 as
long as the SNR verifies:

(p+z) )
SNR™! < (’k2’R> % (a(R,z)(p+2z+41) +Rb(R,p,z))*.

If we consider now that the SNR, k and z are given, we can define, for each mode
p, the minimal resolving radius R*, i.e., the smallest radius that the cell can have if
we want to resolve the pth mode of its membrane deformation.

Theorem 10.2.3. The minimal resolving radius R* has the following expression:
R*(SNR, p) = F, '(SNR™1),

where the function JF, in this regime is given by

) z))!
Folt) = (|k2|t) v (%;(ﬁi_;z)!)z(a(t,z)(p—l—z+1)—|—tb(t,p,z))2.

Note that the higher the reduced scattering coefficient is, the better the resolving
power of the imaging method is. In fact, in order to resolve the mode p, the higher
the reduced scattering coefficient is, the smaller the required SNR is.

We plot in Figure 10.1 this minimal resolving radius as a function of the SNR for
p = 0,1, 2 and 3. We centered the y-axis on the typical radii of eukaryotes cells,
like in the preceding paragraph. Assumption 2 corresponds to frequencies w such
that w < 10, We choose w = 10°, which is a typical frequency used in cellular
tomography. For each p, we took z = Jy(p) — p, because R* decreases with p + z.
Since we can not take z = 0, the mode 0 is not the easiest to resolve. For the other
parameters, we kept the values of the previous paragraph.

Under Assumption 1, for given z, R and SNR, if the resolving condition was
verified, we could resolve all modes of i up to M. Because the constraint depends
this time on p, a new question arises: "how many modes can we resolve for fixed R
and SNR?". We introduce the maximal mode number p(R, SNR) defined by

p(R,SNR) = sup {P' € N\ {0} 1>1;I71,f>p]: /(R) > SNR_l} + 1z (R)>SNR-1/

which answers this question.
We plot in Figure 10.2 the maximal mode number as a function of the cell radius

for different values of the SNR. We took the same values of our parameters as in
Figure 10.1.
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Figure 10.1: Minimal resolving radius as function of the SNR when |k|R < 1.
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Figure 10.2: Maximal Mode Number as function of the cell radius when |k|R < 1.
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10.3 Reconstruction of the cell membrane in the gen-
eral case

We leave the specific case of a circular domain to go back to the general case in
dimension two. Let a,b € R with a < b. Let x : [a,b] — R? be a parametrization of
dC such that x € C>"(R) for an # > 0 and |x’| = 1. The outward unit normal to C
at x(t), v(x) and the tangential vector, T(x), are given by

v(x) = R_zx'(t), T(x) = x'(¢t),

where R_ 7 is rotation by —7.
We introduce the curvature 7 defined for all x € dC by

Let C¢ be an e-perturbation of C, i.e., thereis h € Cz( [a,b]), such that 0C¢ is given

by
dCe = {%;%(t) = x(t) +eh(t)v(x(t)),t € [a,]}.

Like in the previous section, our goal is to reconstruct the shape deformation &
of our cell. Let Ifmt . (resp. IS ) be the outgoing light intensities measured at the
boundary of our domain when the cell occupies C¢ (resp. C) and the optical source
g is applied at 0Q). It follows from Proposition 10.1.1 that

et (%) e () DS (x)ds(x) = | FIE, cds(x),
/ 9Ce on” (10.56)

tesp. [ e (0)he(0)@8e(x) ds(x) = [ f 15 ds(x),

where f,¢ € L%(9Q) and cg, (resp. cqy) is the concentration of fluorophores on the
boundary of the cell dC¢ (resp. 9C).

We introduce the voltage potential u such that cg, = 6[ul3c. We know, from
Proposition 9.2.1, that u admits the following representation formula:

VxeQ, u(x) = H(x) + D [‘I’]( ),
where the harmonic function H is given by
VreR2\0Q,  H(x) = -8 [gael(x) + Dy [ulan)(x),
and Y € C%"(9C) satisfies the integral equation:

D ¥ oH
Y + /3# = _’BW onadC.

We compute the first order approximation of cp, using exactly the same method
as in Subsection 10.2. Doing so, we arrive with the help of Corollary 10.2.2 at

Cily = Caiy — ecS‘I’gl) +o(e),
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(1)

where the function ¥, "’ is defined by
M _ V) SN B N OISR PN ()
¥ = (1 + BL) (( o3 128y 2 DO ) DO )
d .0, 0Y
+ 2 KO WIE) - k] )
and w is the solution to the problem
([ Aw =0 inCuQ\C,
ow ow 0 d¥
g +—W __ﬁhﬁ Onac,
ow ou 9 Ju (10.57)
w |_|_ —w |_ —‘B = ‘B ( ha— a_Tha_T ) OHBC,
w =0 on dQ).
\ v 00

We then obtain an expansion of (10.56) as € — 0.

Proposition 10.3.1. Integral (10.56) admits at first order in € the following expansion:

| AR Phe(x) ds(x) = [ Fen(x)@he(x)Pe(x) ds(x)

€

, (10.58)
e [ 7 (A ety n(t) - 5B ¥ (1) dit + ofe),
where the functions A and B are given by
A2 e o f (095 ol (nes
- dt exc exc dt exc exc s (1059)

B = Ol (H)DEc(1).

Let fi,..., fi, be a finite number of linearly independent functions in L2(3Q)).
We introduce the functional 7 defined on C?([a, b]) by

2

4

V[ e~ thods—e [[3 (A0 he) - 58,020 (0) a

1]1

where the functions A; ; and B; ; are given by

Aol (1)
dt

P 0
M dr

Bij = BLic(H) DL (t).

DL () + DL (t) — (DL ()DL (t),
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We reconstruct the shape deformation & by minimizing the functional 7 over
h. In order to maximize the resolution of the reconstructed images, we choose
fi,--+, f, such that the functions A;; and B;; for i,j € [1, L] are highly oscillating.
We will then be able to obtain a resolved reconstruction of the boundary changes h.
We introduce the operator A : L2(9Q)) — L?(9C) defined by

Vf e L200), ¥z €0C,  Alf)(z) = Dhclc(z) = [ G0 fw)ds()
The adjoint operator A* : L?(dC) — L?(9Q)) is given by

vg € L*3C), vy €90, Alql() = phalv) = [ G:(1)q(2)ds(a),

where p is the solution to the problem:

( —Ap+Kp=0 in Q,
ol _ o =—g on dC,
ov ov|
* (10.60)
pl+ —pl-=0 on dC,
o _
\ 8_1/ +p= 0 on oQ).

We therefore obtain the following expression for A*A:

VF e 12(00), Yy €90,  AAlf](y) = /aQ dtf (1) /BCT(y)GZ(t) ds(z).

Following [12, 21], we choose f1, ..., f1, to be the first singular vectors of the op-
erator A. The number L, which fixes the resolving power of the approach, is chosen
to maximize the trade-off between resolution and stability. To gain resolution, one
has to choose L as large as possible. But if it is too large, then it follows from the
fact that f; is highly oscillating for large i that the algorithm is unstable in the case
of noisy data [21, 19].



Concluding remarks

In this thesis we have introduced a new mathematical framework for cell membrane
imaging. We have for the first time analytically exhibited the fundamental mecha-
nisms underlying the fact that effective biological tissue electrical properties and
their frequency dependence reflect the tissue composition and physiology. We have
explained how the dependence of the effective electrical admittivity measures the
complexity of the cellular organization of the tissue and developed electrical tissue
property imaging approaches from micro-electrical data in order to improve differ-
entiation of tissue pathologies.

In Part I, we have derived new formulas for the effective admittivity of suspen-
sions of cells and characterized their dependance with respect to the frequency in
terms of membrane polarization tensors. We have applied the formulas in the di-
lute case to image suspensions of cells from electrical boundary measurements. We
have presented numerical results to illustrate the use of the Debye relaxation time
in classifying microstructures. We also developed a selective spectroscopic imaging
approach. We have shown that specifying the pulse shape in terms of the relaxation
times of the dilute suspensions gives rise to selective imaging.

An important problem is to derive effective electrical properties of of dense pe-
riodic arrangements of cells such as skin cells. Another challenging problem is to
extend our results to elasticity models of the cell. In [30, 25], formulas for the effec-
tive shear modulus and effective viscosity of dilute suspensions of elastic inclusions
were derived. On the other hand, it was observed experimentally that the depen-
dance of the viscosity of a biological tissue with respect to the frequency character-
izes the microstructure [37, 51]. A mathematical justification and modeling for this
important finding are one of our future research directions.

In Part II, we have proposed for the first time an optimal control algorithm for
admittivity imaging from multi-frequency micro-electrical data. We have proved
its convergence and its local stability. Our approach in Part II can be extended to
elastography and can be used to image both shear modulus and viscosity tissue
properties from internal displacement measurements. Another interesting problem
is to image tissues with anisotropic impedance distribution from micro-electrical
data.

In Part III, we have introduced and analyzed a mathematical model for optical
imaging of cell membrane potentials changes induced by applied currents. We have
presented a direct imaging algorithm in the linearized case and provided explicit
formulas for its resolving power of the measurements in the presence of measure-
ment noise. We have suggested an iterative algorithm for complex shapes. It would
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be interesting to consider the case of cluttered cells. Another challenging problem is
the tracking of membrane changes in cell mechanisms such as cell division.

Our results in this thesis have potential applicability in cancer imaging, cell cul-
turing and differentiation, food sciences and biotechnology [93, 89], and applied and
environmental geophysics. They can be used to model and improve the Margin-
Probe system for breast cancer [135], which emits an electric field and senses the
returning signal from tissue under evaluation. The greater vascularization, differ-
ently polarized cell membranes, and other anatomical differences of tumors com-
pared with healthy tissue cause them to show different electromagnetic signatures.
The ability of the probe to detect signals characteristic of cancer helps surgeons en-
sure the removal of all unwanted tissue around tumor margins.

Another commercial medical system to which our results can be applied is Zed-
Scan [136]. ZedScan is based on electrical impedance spectroscopy for detecting
neoplasias in cervical disease [1, 45]. Malignant white blood cells can be also de-
tected using induced membrane polarization [112]. In food quality inspection, spec-
troscopic conductivity imaging can be used to detect bacterial cells [33, 133]. In ap-
plied and environmental geophysics, induced membrane polarization can be used
to probe up to subsurface depths of thousands of meters [126, 134].

It would be very interesting to develop a physics-based learning approach, based
on Debye relaxation times, for classifying tissue organizations at the cell scale from
macroscopic spectroscopic admittivity measurements. One can learn from training
examples such as biopsies the underlying microstructures and then, classify unseen
ones from spectroscopic measurements of their admittivities. It is challenging to
construct a distance between spectroscopic measurements which allows to statisti-
cally classify or separate different microstructures into different groups.



Appendix A

Extension lemmas, norm equivalence,
and existence result

A.1 Extension lemmas

Due to the problem settings of this chapter, we need to study convergence properties
of functions that are defined on the multiple connected sets Ry, ®(R} ) and e®(R; ).
Extension operators becomes useful to treat such functions.

Consider two open sets U,V C R? with the relation U C V, and two Sobolev
spaces WIP(U) and WP (V), p € [1,0]. What we call an extension operator is a
bounded linear map P : W'?(U) — WP(V), such that Pu = u a.e. on U for all
u € WYP(U). In this section, we introduce several extension operators of this kind
that are needed in the chapter. They extend functions that are defined on Y, RJ,
®(RY) and e®(RR;) (hence ))) respectively.

Throughout this section, the short hand notion M 4 (f) for a measurable set A C
R? with positive volume and a function f € L'(A) denotes the mean value of f in
A, that is

Ma(f) = |le| [ fax (A1)

We start with an extension operator inside the unit cube Y. Since Y~ has smooth
boundary, there exists an extension operator S : W7 (Y*) — WUP(Y) such that for
all f € WLP(Y*H)and p € [1, ),

ISfllLreyy < Cllflley+y, ISFllwrery < Cllifllwrere)s (A.2)

where C only depends on p and Y. Such an S is given in [57, section 5.4], where
the second estimate above is given; the first estimate easily follows from their con-
struction as well. Cioranescu and Saint Paulin [48] constructed another extension
operator which refines the second estimate above. For the reader’s convenience, we
state and prove their result in the following. Similar results can be found in [73] as
well.
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Theorem A.1.1. Let Y, Y™ and Y~ be as defined in section 1.1; in particular, 9Y~ is
smooth. Then there exists an extension operator P : WVP(YT) — WLP(Y) satisfying
that for any f € WYP(Y ) and p € [1,00),

IVPfllrery < CIV ey, IPfllrery < Cllfleer+), (A.3)

where C only depends on the dimension and the set Y.

Proof. Recall the mean operator M in (A.1) and the extension operator S in (A.2).
Given f, we define Pf by

Pf = My+(f) +S(f = My« (f))- (A4)
Then by setting p = f — My+(f), we have that
IVPflir ey = IVS®llrry < Cllidllwipey+y < CIVEleees) = CIV fllrpes)-

In the second inequality above, we used the Poincaré-Wirtinger inequality for i and
the fact that 1 is mean-zero on Y. The L? bound of Pf follows from the observation

My (Pl < (|'YY+'|) £l

and the L7 estimate of Sf in (A.2). This completes the proof. O

Apply the extension operator on each translated cubes in R}, we get the follow-
ing.
Corollary A.1.1. Recall the definition of Yy, Y, and Y,  in section 1.1. Abuse notations
and define
(Pu)ly, = P(uly+), nezuec WL (RS). (A.5)

loc

Then P is an extension operator from W P(RY) to W1 P (IR?). Further, with the same
positive constant C in (A.3) and for any n E 72, we have

IVPull ey, < CIVullppey, ) IPullire,) < Cllullpe - (A.6)

Given a diffeomorphism, the extension operator P can be transformed as follows.
In the same manner, under the map of scaling, the extension operator is naturally
defined.

Corollary A.1.2. Let ®(-,y) be a random diffeomorphism satisfying (1.14) and (1.15).
Denote the inverse function ® ! by Y. Define P, as

Pou=[Pluo®)|o¥, ueW(®R))). (A.7)

loc

Then P., is an extension operator from Wllo’f (®(RY)) to Wllof (®(IR?)) which satisfies that

IVPyullr@y,) < CIVUllp@rgyy,  1Pvlirem)) < Clullp@;yy,  (A8)

where the constant C depends further on the constants in (1.14) and (1.15).
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Corollary A.1.3. Let ®(-,y) and Y be as above. For each ¢ > 0, define Pz, as follows: for
any u € Wllo'(‘f)(qu(IR;r ), Pu is defined on each deformed and scaled cube e®(Y,,) by

Peu(x) = ePa(¥(L)), (A.9)

where i = ¢ uoedand Pisasin (A.6). Then D%, is an extension operator from W, . a4 (e®(RY))
to W (e®(IR?)) which satisfies that for any n € Z?2,

loc

IVPLullreav,)) < ClIVUullp oy 1Pyl o)) < Cllullpeon; ), (A-10)
where the constant C depends on the same parameters as stated below (A.8).

Proof. We focus on proving (A.10). Under the change of variable x = ¢®(y), we

have
X

ViPiu(x) = VE(D)V,Pa(@(2) = V¥ (@(y) VyPily),

On each deformed and scaled cube ¢®(Y;,), we calculate
IV P oy = [y, TP = [ [VH@() Ty Pa(y)|"e* det(V(y))dy
<e / VY (@(y))|P |V, Pi(y) | det(VO(y))dy < Ce? / IV, Pii(y)|Pdy.

Here, we have used the Cauchy-Schwarz inequality and the bounds (1.14)-(1.15) on
the Jacobian matrix and its determinant. Upon applying (A.3), we get

|V PE < Ce?|| Vil

uHU’ ed(Yy)) L (Y)

Since ii(y) = Lu(e®(y)), we have Vi (y) = V,®(y) Viu(e®(y)). Change variables
in the last integral and repeat the analysis above to get

IVyall, ) < CeIVaullf,

LP(Y;) (Y, )"

Combining the above estimates, one finds some C independent of ¢ or -y such that
(A.10) holds. Moreover, the constant C is uniform for all e®(Y;). The L? estimate
for PLu is simpler and ignored. This completes the proof. O

Finally, we define the extension operator from W7 (Q) to W'?(Q). This is es-
sentially the same operator in Corollary A.1.3. Indeed, recall that () is decomposed
to the cushion K and the cell containers E; see (1.18). We only need to apply P7 in
Es-

Theorem A.1.2. Let the domains QF, K. and E, be as defined in section 1.1. Let ®(-,y) be
a random diffeomorphism satisfying (1.14)-(1.16). Define the linear operator P, as follows:

for u € WLP(QF), let Pru be given by (A.9) in Eg, and let Piu = u in K. Then Py is an
extension operator from WP (QF) to WP (Q) and it satisﬁes

IVPul|prqy < ClIVul| QF)” [1PyullLrq) < Cllullpy Q) (A.11)

where the constants C’s do not depend on € or 7.
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Proof. Since P leaves u unchanged in K¢ and it satisfies the estimates (A.10) uni-
formly in the cubes E; = U, c7,e®(Y}), we have the following:

IVPSul?iey = IVl + X IV P12,

nel;

<IVulllpy+C L IIVullf, ) < Cl[Vull]

nel;

LP(OF)

This completes the proof of the first estimate in (A.11). The second estimate follows
in the same manner, completing the proof. O

A.2 Poincaré-Wirtinger inequality

Our next goal is to derive a Poincaré-Wirtinger inequality for functions in H'(Q;)
with a constant independent of € and <y. The following fact of the fluctuation of a
function is useful.

Lemma A.2.1. Let X C R? be an open bounded domain with positive volume and f €
LY(X). Assume that X1 C X is a subset with positive volume, then we have

1f = M (D2 < M1f = Mx(f)

Proof. To simplify notations, let f; be the restriction of f on Xj, m; = Mx,(f1) and
61 = |X1]/|X|. Similarly, let f, be the restriction of f on X, = X\ Xy, my = Mx,(f2).
Let m = Mx(f). Then we have that

f—m: {fl—m1+(1—9)(m1—ﬂ12), XEX1,

fz—ﬂ”lz—i—@(ﬂ”lz—ml), x € Xo.

(A.12)

Then basic computation plus the observation that f; — m; integrates to zero on X; for
i = 1,2 yield the following:

I =l = I = ey + lLf2 = mala sy + (1= 0)61X] (mz — ma)2.
Since the items on the right-hand side are all non-negative, we obtain (A.12). O

Corollary A.2.1. Assume the same conditions as in Theorem A.1.2. Then for any u €
HE(QF), we have that
||”||L2(Qj) < C||V”||L2(Qg+), (A.13)

where the constant C does not depend on € or .

Proof. Thanks to Theorem A.1.2, we extend u to Pfu which is in H Q). Use (A.12)
and the fact that M+ (1) = 0 to get

lull 2y < 1P — Mo (PEw)l 20

Now apply the standard Poincaré-Wirtinger inequality for functions in H!(Q), and
then use (A.11). We get
[Pyu = Ma(Phu)ll2q) < CIIVPull2q) < ClIVull 2o

The constant C depends on () and the parameters stated in Theorem A.1.2 but not
on ¢ or . The proof is now complete. O
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Another corollary of the extension lemma is that we have the following uniform
estimate when taking the trace of u € W; on the fixed boundary d().

Corollary A.2.2. Assume the same conditions as in Theorem A.1.2. Then there exists a
constant C depending on () and the parameters as stated in Theorem A.1.2 but independent
of e and vy such that

191, oy < SNV l12(01 (A14)

forany u € H'(QF).

Proof. Thanks to Theorem A.1.2 we extend u to Pu which is in H 1(Q)). The trace
inequality on () shows

[Pyl

The desired estimate then follows from (A.11) and (A.13). O

i omy < COIPul 0 (A15)

A.3 Equivalence of the two norms on W,

In this section, we prove Proposition 1.2.2 which establishes the equivalence be-
tween the two norms on W,. We essentially follow [100] where the periodic case
was considered. The random deformation setting requires certain modification. The
details of such modifications are provided here for the reader’s convenience.

The first inequality of the proposition is proved by the following lemma together
with the Poincaré-Wirtinger inequality (A.13):

Lemma A.3.1. There exists a constant C independent of € or <y, such that
1512,y < CETHo™ T2z + el VOF I o) (A.16)

forany vt € HY(QF) and v= € H'(Q).

Proof. According to the set-up, the interface I'c consists of e®(I';) wherei =1, -- - , N(e)
are the labels for the deformed cubes {e®(Y;)} inside () and T’; are the correspond-
ing unit scale interfaces.

Let us consider the case of v* € H'(Q]); the other case is proved in the same
manner. Denote by v; the restriction of v on the deformed cube e®(Y;). We lift this
function to 7;(y) = v;(e®(y)) which is now defined on Y;". For this function, we
have the trace inequality

1BillZ2(ry < CUBil T2y + V8l 72y 1)- (A.17)

Note that this constant depends on the reference shape Y~ but is uniform in i.

On the other hand, because for any v € O, the diffeomorphism & satisfies (1.14)
and (1.15), the Lebesgue measures ds(x) on the curve e®(I';) and ds(y) on I';, which
are related by the change of variable x = e®(y), satisfy

Cids(x) < eds(y) < Cpds(x)
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for some constant C; , which depend only on the constants in the assumptions and
Y~ but uniform in ¢ and .
Consequently, we have

lo* 1B2r,, _y / Toi)Pds(x) <<:sz / [3i(y) [ds(y)
i=1

Apply (A.17) and change the variable back; use again dx ~ ¢*dy and V,3; = eVyv;
to get

lo* I, <Cez / 1)+ V5 () Py

Ce! / 0;(%)]? + €| Vo(x)|?dx
; gy PP+ €190
This completes the proof of (A.16). O

The other inequality in (1.28) is implied by the following lemma:

Lemma A.3.2. There exists a constant C > 0 independent of € or 7y such that
lollz oy < € (Vellollzg, + el Vol (A18)

forallv € HY(Q]).

Proof. We first observe that on the reference cube Y with reference cell Y, we have
that
Il < € (ol + 1V2122)) (A.19)

for any v € H!(Y~) where C only depends on Y~ and the dimension. Indeed, sup-
pose otherwise, we could find a sequence {v,,} C H'(Y ™) such that ||v,|| ryy =1
but

an”LZ(rO) + ||VUnHL2(Y—) — 0, asn — oo,

Then since ||v,|| 1 is uniformly bounded, there exists a subsequence, still denoted
as {v,}, and a function v € H'(Y~) such that

v, — vweaklyin H'(Y™), Vuv, — Vo weakly in L?(Y ™).

Consequently, || Vo||;2 < liminf||Vv,| ;2 = 0, which implies that v = C for some
constant. Moreover, since the embedding H!(Y~) < L?(Ty) is compact, the con-
vergence v, — v holds strongly in L?(Ty) and [0l r2ry < lim|[[vn||;2(r,) = 0. Con-
sequently v = 0. On the other hand, v, — v holds strongly in L2(Y~) and hence
9]l 12¢y-) = lim || || ;2(y-) = 1. This contradicts with the fact that v = 0.

To prove (A.18), we lift functions in e®(Y;" ) to functions in Y;™ as in the proof of

the previous lemma, and use the scaling relations of the measures: dx ~ ¢2dy and
ds(x) ~ eds(y). We calculate

N(e)
(- 2 / Joldx < ce / 16[2dy < Ce? 21 /r |77|2ds+/Y V5|2dy
i= i i
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where in the last inequality we used (A.19). Change the variables back to get

N(e)
2 2 —d+1),,2 —d+2|v7 (2
||v||L2(Q€_) < Ce .21 /gq)(ri)e K ds+/€q)(Yi)s |Vo|~dy.

Note that we used again V,,0 = ¢V 0. The above inequality is precisely (A.18). [
Proof of Proposition 1.2.2. To prove the first inequality, we apply Lemma A.3.1 to get
ellut —u [T r,) < 20ellut [Far,) +elu Il r,)

< C(HquHLZ Q+ + H”fuiz + Sz”vquHLZ Q+ +82HV1’[+HL2 Q+ )

Only the first term in (A.13) does not show in || - || HLx HI” but it is controlled by

|Vut|| 12(0f) uniformly in € and -y thanks to (A.13).
For the second inequality, we only need to control [|u™ || 2((,-). We apply Lemma
A.3.2 and the triangle inequality:

lu 20y < € (el oy, + el — By + I Va By ) -

Only the first term does not appear in || - ||w,, but using Lemma A.3.1 and (A.13) we
can bound it by
8||”+||%2(r < C(||”+||L2 o) +52||V”+||L2 a7) ) < C||V”+||L2 0

This completes the proof. O

A.4 Technical lemma

Lemma A.4.1. Let ¢y be a function in D(Q, CZ(Y™")) x D(Q, C°(Y™)). There exists

at least one function 6 in (D(Q, Hy (Y")) x D(Q, H}(Y™)))? solution of the following
problem:

[ -V, -0t (x,y) =0 in Yt,
~Vy-0 (x,y) =0 inY-,
0% (x,y) - n=0"(x,y) n onT, (A.20)

07 (x,y) n=of (x,y) — ¢y (x,y) onT,
|y 0(x,y)Y — periodic.

Proof. We look for a solution under the form 6 = V7. We hence introduce the
following variational problem:

( Findy € (Hl(Y+)/C) x (H}(Y~)/C) such that
/ Vit ( dy+/ Vi (y) ¢ (y)dy

= a5 J(or — oD@~ ¥ as(y),
forallgbe( (Y+)/C) (H ( -)/0C),




140 APPENDIX A. EXTENSION LEMMAS AND NORM EQUIVALENCE

for a fixed x € (). Lax-Milgram theorem gives us existence and uniqueness of such
an 7. Since ¢1 € D(Q, Cﬂ°°(Y+)) x D(Q), C;"’(Y_)), there exists at least one function

0 € (D(Q, Hg(YJF)) x D(Q, Hé(Y_))2 solution of (A.20). Note that we do not have

uniqueness of such a solution. O



Appendix B

The convergence of the Landweber
sequence with a Hilbert projection

This appendix follows from [69]; see also [70]. It proves the convergence of the
Landweber scheme with a Hilbert projection.

Let X and Y be Hilbert spaces and F : K x (w,w) — Y be a differentiable map
where K is a convex subset of X. Let (, )x and (, )y denote the scalar products in X
and Y, respectively.

We are interested in solving the equation

Flxq;w] =0 forallw € (w,w). (B.1)

It is natural to minimize
1 (@ ’
¥ =5 [ IFmwll}de, (B.2)
w

with x € K. Assume that F[-; w] is Fréchet differentiable. So is J. The derivative of |
is given by
@

DJx](h) = / (DF[x; | (h), Flx; ])ydw

= /w(h,DF[x;w]*(F[X}W])>de,

w
where the superscript * indicates the dual map. The iteration sequence due to the
descent gradient method is given by

Y1 = Tlan] — u /w ® DE[T[xa]; ] ([Tl ]) de. (B.3)

Here, yt is a small number and T|[x] € K is an approximation of the Hilbert projection
of X onto K
P:X > x> argmin{||x —a| : a € K}. (B.4)
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Without loss of generality, we can assume that

ITla] = Plalllx <277, n>1.

The presence of T in (B.3) is necessary because x, might not be in K and F[x,]
might not be well-defined. The map T above also increases the rate of convergence
of (xy) to x, due to

IT[xn] = xellx < flxn —x:flx +27", n>1. (B.5)

The following proposition holds.

Proposition B.0.1. Assume that DF [x; w] is Lipschitz continuous and that, for all x,h €
K,

[ IDFl @) e > il (5.6)

Then the sequence defined in (B.3) converges to x, provided that x( is a "good” initial guess
for x, and u is sufficiently small.

Proof. Since DF[x; w] is Lipschitz continuous, for all x such that ||x — x.||x < 1 with
1 being a small positive number, we have

w
/ |E[x;w] — Fxe; 0] — DF[x; @] (x — x,)|2dew
w

< Cp?lx — x|k

< C172 /ww |Flx; w] — F[x*;w]||§dw (B.7)

for some positive constant C. Note that we have used here (B.6) and the mean-value
theorem for the second inequality above.

Foralln > 1, let

enlw] = F[T[x,]; w].
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We have

201 — ek = [l — 2[5 — 27"
< a1 — 2% = (1T [x) — %%
= 2(x11 — T[xal, Tlxa] = %) x + X041 — Tlxal |13
n+1 nls n x/ X n+1 nlllxX

< 2u /w<—DF[T[xn];w]*en[w],T[xn] —x,)xdw

w

+ [ teall, kDFITIx ) DT[] (eufeo]) i

= [ {enlel 2uenler] ~ 2uDFITI; 0] (Tlxa] = )ik = e [ leale] o

+ :(ﬂen[W]/(—1+#DF[T[xn]:w]DF[T[xn];w]*))(\/ﬁen[w])>vdw

< ([ ||en[w]|]%dw)% ([ sl = DF(T sl (Tlr] = ) o)
[ en el o

+ /:<\/ﬁen [w], (=1 4+ uDF[T[x,]; w]|DF[T[x,]; w]*)) (y/#en|w])) ydw

S

< 1@V -1) [ el

Here, we have used (B.7) for the last inequality. It follows that

w
It = el + (L= 2vCn) [ flenlffdeo =27 < v — .,

and therefore,

¥ [ IFT )] Rdo < A0 Xy
nls Y S —————— .
n=1"% V(l _2\/677)

We now obtain the convergence of (x,) to x, using again the mean-value theorem
and condition (B.6):

Tl =l < [ IDFRw)(Tlaa] = ) o = [ IF[TEx0)0] = Flws ol fdeo = 0

for some X, = tT[x,] + (1 —t)x,, t € (0,1). O
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Appendix C

Explicit calculation of G; in the case of
a sphere

We consider in this appendix that the dimension is three and that () is the unit
sphere. We expand G, the solution to (9.3), in spherical harmonics (Y2,):

Vz € Q, Vy(1,0,¢) € 00, Z Z ghzYl (6
=0 m=—I

An addition theorem [2, Formula (10-1-45/46)] gives us the expansion of I":

vz(r,0',¢")eQ,Vy € 0Q), T.(y zkz Z 71 (ikr") V(i)Y (@, ") YL(0,9),
=0 m=—I

where j; and hl(l)
kind of order [.
We then express the operators S and K¢, in terms of spherical harmonics [102],

in the same way we wrote their Fourier coefficients in the previous section:

are respectively the spherical Bessel and Hankel functions of first

I 00 1

Yy € 9Q, (—5 +Ka)ally) =-Y X K2 i (ik) kY (ik) g, Y, (8, ),
1=0 m=—1
oS 1

vy €90, Salq)(y) =iy Y k(i) nV (k) q), Y2, (8, 9),
1=0 m=-—1I

for l
Vy(1,0,¢) €00, q(y) =Y. Y 4. Y50, ¢).
1=0 m=-—1I

From (9.5) we obtain

g - i BIEOY©9) )
T kg R (k) + Lk (k) B k) ik (k) + gtk T



APPENDIX C. EXPLICIT CALCULATION OF Gz IN THE CASE OF A SPHERE

orelse, forallz = (,0/,¢') € Qand y = (1,6, ¢) € 90,

00 I c a1

ji(ikr")
G:(y) = —— —
-l z;) w1 ik i (ik) + ¢ i (ik)

Y5 (60, ¢')Y5,(0, ).

Note that we find a very similar formula as the one in 2D. The Bessel function
of first kind is replaced by the spherical function of first kind, and our operator is
decomposed in the spherical harmonics basis instead of the Fourier basis.
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